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ABSTRACT 
In convective film boiling, under both blowdown and reflood 
conditions of nuclear safety concern, one often finds that wall 
heat flux, wall temperature, fluid equilibrium quality, and the 
local heat transfer coefficient all vary with axial position. 
Since the two-phase flow may exist in a nonequilibrium state, 
one needs to also know the axial variations of fluid actual 
quality and vapor superheat. 
To supplement the very limited steady-state data available, 
experiments have been run with quench fronts propagating up into 
a tubular test section. During this slow "reflood" process, it 
was possible to obtain measurements of wall heat flux, wall tem- 
perature, and nonequilibrium vapor temperature as functions of 
distance beyond the quench front. Since the time required for 
the quench front to propagate a few millimeters corresponded to 
many fluid residence-times, transient convective heat transfer 
theory indicates that the thermal data thus obtained are quasi- 
steady state. Comparisons of wall superheats and vapor super- 
heats at axial distances greater than one meter beyond the criti- 
cal heat flux (CHF) point with data obtained from previously 
reported fixed quench front experiments at similar inlet condi- 
tions confirm this conclusion. 
An unexpected finding was a "transition" region immediately 
downstream from CHF where the two-phase fluid remained close to 
-1- 
the equilibrium thermodynamic state. It was hypothesized that 
the liquid requires a finite axial distance to engage with 
the faster flowing vapor, and in this engagement region the 
volumetric presence of liquid is greater than heretofore under- 
stood. The greater liquid volume fraction would decrease the 
tendency for vapor superheating in this near-CHF region. At 
greater distances, the vapor superheat increases rapidly with 
axial distance indicating a surprisingly ineffective vapor to 
liquid heat transfer process. 
Thus, the significant experimental findings indicate a zone 
near the CHF location where the vaporization source intensity- 
( r ) is relatively high, followed by a far zone where the source 
intensity drops off to a relatively low magnitude (approaching 
zero). If these findings are confirmed by future experiments, 
phenomenological modeling of the nonequilibrium heat transfer 
process in convective film boiling must account for these two 
regions of different behavior. 
1.  INTRODUCTION 
Corrective film boiling beyond critical-heat-flux (CHF) is 
encountered in a number of applications such as cryogenic sys- 
tems, metallurgical processing, steam generators, and nuclear 
reactor loss of coolant accidents. In a number of these situa- 
tions, post CHF boiling occurs with yery  high void fractions 
wherein dispersed two-phase flow occurs in the heated channels. 
In this regime, termed convective film boiling, the two-phase 
mixture may exist in a nonequilibrium thermodynamic state with 
superheated vapor entraining drops or globules of saturated 
liquid, as illustrated in figure 1-1. In this situation, the 
local actual-flow-quality (Xa) is not equal to the classical 
equilibrium quality (Xe) but is related to it by the following 
equation 
Xe  Vp'V-1ls ( } 
Analysis of this two-phase heat transfer problem requires solu- 
tion of the vapor continuity and energy equations, which in one- 
dimensional differential form can be written as, 
GdX3 = r dZ (2) a 
qwPHdZ = GAifgdXe (3) 
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In these equations, gamma (r) is defined as the vapor volumetric 
source term representing mass of liquid evaporated per unit time 
per unit mixture volume. 
At the present time, the state of knowledge is lacking in 
the constitutive relations required to estimate the magnitude 
of the vapor source term, r. As noted by many researchers 
[1.1, 1.2], the evaporative source intensity results from the 
simultaneous competitive heat transfer between the hot wall 
surfaces to the vapor and liquid phases and between the liquid 
and superheated vapor phases (figure 1-2). A few preliminary 
models for estimating r have been proposed, including those of 
Saha [1.3] and of Webb and Chen [1.4]. The assessments of the 
available gamma models, and the development of improved models, 
are hampered by a lack of experimental data regarding the degree 
of thermodynamic nonequilibrium in convective film boiling. 
In an effort to quantify the vapor source term r, a number 
of convective film boiling experiments have been conducted over 
the past twenty years. However, due to the extreme difficulty 
of measuring superheated vapor temperature in the presence of 
dispersed liquid, only a few attempts to quantify the degree 
of thermodynamic nonequilibrium have been reported. Mueller 
[1.5] and Polomik [1.6] obtained some limited data at high 
vapor qualities for internal flow in a tube. Hochreiter [1.7] 
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obtained some indication of vapor superheats in rod bundles, 
limited primarily to high vapor quality conditions [1.8]. In 
previous work at Lehigh, Nijhawan et al. [1.9, 1.10] success- 
fully used an aspirated thermocouple probe to obtain measure- 
ments of vapor superheats at one axial location for convective 
film boiling in a tube. Gottula et al. [1.11] is extending 
Nijhawan's technique to obtain simultaneous measurements of 
vapor superheats at three axial locations for convective film 
boiling in a tube. Recently, Annunziato et al. [1.12] reported 
actual flow qualities in convective film boiling by measuring 
the bulk temperature with exposed thermocouples in low mass 
flux, atmospheric pressure experiments. To date, the available 
data base for nonequilibrium flow film boiling is rather 
sparse, especially with regard to information on the axial 
variation of nonequilibrium vapor temperatures and flow.quali- 
ties. Such data are needed for the development of constitutive 
models for the vapor source term, r. 
2.  SCOPE OF PRESENT EXPERIMENTAL INVESTIGATION 
Measurement of the axial variation of vapor superheat 
would ideally be obtained under steady-state conditions down- 
stream from a fixed critical-heat-flux (CHF) location. This 
requires the placement of multiple vapor probes along the 
axial direction of the heated channel, and also requires that 
the location of the CHF point be held constant with time. 
Nijhawan [2.1, 2.2] and Gottula et al. [2.3] both used the 
hot patch technique to fix the CHF location in order to permit 
steady state post-CHF conditions as shown in figure 2-1. 
During the present research effort, experimental diffi- 
culties associated with fixing the location of CHF and concerns 
with probe intrusive effects limited this approach to the same 
narrow range of inlet flow conditions reported by Gottula, 
et al. [2.3]. Within these constraints, a limited quantity of 
fixed CHF data were obtained using the hot patch technique to 
fix the CHF location at the inlet to the test section. The 
high thermal conductivity of the copper hot patch (see fig. 
3-3), maintained at typical post CHF temperatures, sustained 
continuous critical heat fluxes at the inlet of the hot patch, 
thereby maintaining convective film boiling conditions down- 
stream of the copper block. This technique was limited to 
low mass fluxes and medium to high flow qualities. In 
-8- 
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Figure 2-1.    Vapor temperature profile obtained with 
multiple vapor probes. 
addition, at low and medium flow qualities the vapor probe pre- 
ferentially quenched the test section wall at the probe and 
immediately downstream of the probe (figure 2-2). With a 
quenched wall region at the first vapor probe, measurements by 
succeeding vapor probes located further downstream were impos- 
sible to interpret. During low quality experiments, a descend- 
ing quench front would propagate from the quench region to the 
wall upstream of the vapor probe, further corrupting the vapor 
measurements. As a result, only a limited amount of fixed CHF 
data at low mass fluxes and high flow qualities was obtained 
during these experiments. 
In order to expand the data base, the present investiga- 
tion took a different experimental approach to obtain infor- 
mation on vapor superheats as a function of axial distance 
from the CHF location. In this approach, starting with the 
test section in a flow film-boiling state, the CHF location 
was permitted to slowly propagate as a quench front along the 
test section (figure 2-3). By restricting the quench front 
propagation to low velocities, such that the displacement of 
the CHF location was negligible during a fluid residence- 
period in the test section, the thermal hydraulic conditions 
downstream of the CHF location were quasi-steady state. 
Theoretical analysis of transient convective heat transfer 
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[2.4, 2.5] have clearly shown that heat transfer coefficients 
downstream from an inlet perturbation essentially attain steady 
state conditions within one to two fluid residence-periods. 
Therefore, by providing for a minimum of five to ten fluid 
residence periods in the time that it takes the CHF location 
to propagate a small acceptable distance (of the order of 1 cm), 
it was possible to obtain quasi-steady state heat transfer 
measurements downstream of the CHF location. In this manner, 
as the quench front approached the single vapor probe station, 
measurements of wall and vapor superheats could be obtained as 
a function of axial distance from the CHF point. 
The moving quench front technique provided data over a 
wider range of inlet conditions than possible with fixed quench 
front experiments, although the probe intrusive effects con- 
tinued to prevent vapor measurements at some inlet conditions. 
In addition, data were difficult to obtain at some inlet con- 
ditions due to the occurrence of severe flow pattern oscilla- 
tions. Further expansion of the data base was prevented by 
facility limitations rather than experimental technique. 
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3.  THE EXPERIMENTAL FACILITY 
3.1 System Overview 
The vapor superheat measurements obtained during these 
experiments utilized an improved version of the vapor probe 
developed by Nijhawan, et al. [3.1]. The vapor probe was 
inserted into an INCONEL tubular test section maintained at 
typical post-CHF conditions. A two-phase heat transfer loop 
featuring a vertical single tube internal flow boiler, of the 
same geometry as the test section, was used to provide a 
steady flow of saturated steam and water to the test section. 
The vapor superheat measurements were continuously recorded 
on a stripchart recorder along with a differential pressure 
measurement over the 50 cm preceeding the vapor probe. Test 
section wall temperatures, pressures, and power levels were 
recorded every  5.2 seconds by the data acquisition system, 
which provided real time monitoring of the experiment. 
3.2 The Two-Phase Heat Transfer Loop 
The experiments were carried out in a forced-convection 
two-phase flow loop (figure 3-1), capable of tests with steam 
and water at pressures up to 5 atmospheres. A high capacity 
centrifugal pump was used to generate a constant mass flow- 
rate by operating the pump at high pressure head and maximum 
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speed to minimize the effect of variations in the loop pressure 
on the mass flowrate. A surge tank placed between the outlet 
of the condenser and the pump inlet insured that the pump 
inlet was maintained at a constant pressure. The mass flow 
rate was regulated and measured by a valve and a rotameter. 
By maintaining a large pressure rise across the pump and a 
large pressure drop across the flow regulating valve, varia- 
tions in test section pressure did not significantly alter the 
mass flowrate at the outlet of the rotameter. Due to diffi- 
culties with the orifice type flow meter located downstream of 
the rotameter, the mass flux was measured with the rotameter. 
A preheater was used downstream of the orifice flow meter to 
bring the fluid temperature to within approximately ten degrees 
of the saturation temperature. 
A vertical upflow boiler constructed of the same Inconel 
tube as the test section was used to generate the desired 
inlet quality. Up to 13 kw of power was added to the flow in 
the 1.54 cm internal diameter tube over a length of 107 cm. 
A low voltage 3 phase AC variable reactance power supply pro- 
vided direct heat generation in the wall. At the entrance 
to the boiler the fluid temperature was measured for use in 
the heat balance calculations to establish boiler exit quality. 
Electrical power for each phase of the power supply was measured 
•16- 
by a high speed analog to digital converter in the PDP 11 com- 
puter. The non-sinusoidal waveform of the variable reactance 
power supply necessitated a numerical integration of the 
analog to digital output. The AC power supply featured separ- 
ate controls for each of the three phases, permitting the 
operators to input more power to the fluid in one phase than 
the others. While the energy input to the flow over each of 
the three phases was calculated separately, only the total 
power was recorded in the data files. The results of a heat 
loss calibration experiment for the boiler insulation pro- 
vided closure of the flow energy balance equation, yielding 
the outlet flow quality. Inlet sub-cooling varied from 25 C 
to 10 C, depending on mass flowrate, and outlet flow quality 
varied from 0 to 70 percent. The upper quality limit decreased 
with increasing mass flowrate due to limitations on boiler 
power input. 
A signt glass positioned at the outlet of the boiler 
permitted observations of the flow pattern. This proved 
invaluable during both the trouble shooting phase of the 
investigation and during the production runs. In particular, 
the sight glass provided visual confirmation when the test 
data indicated flow pattern oscillations. During the initial 
phases of the investigation, the sight glass greatly 
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facilitated the diagnosis of several problems related to the 
introduction of flow to the test section at the beginning of 
an experiment. At the outlet of the sight glass, the flow 
could be directed through a bypass tube to the condenser or 
into the test section. Ball valves in the bypass and at the 
test section inlet permitted test section isolation and flow 
control (fig. 3-2). Standardized pipe was selected to minimize 
the difference between the flow area of the boiler outlet 
and the test section inlet. The hardware was selected to 
avoid unswept regions where liquid could accumulate. 
Both the bypass and test section outlet exited to the con- 
denser which returned the working fluid to the surge tank to 
provide a closed system. This type of system provides a uni- 
form system pressure, and conservation of the demineralized 
water. The loop pressure was controlled by adjusting an air 
pressure regulator on the surge tank. By allowing a slow dis- 
charge of air from the surge tank, the system pressure was 
maintained at a constant level regardless of system fluid 
inventory. 
3.3 Test Section 
The post-CHF test section (illustrated in figure 3-3) 
featured a 1.35 m heated length Inconel-600 tube with an 
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internal diameter of 1.54 cm and a wall thickness of 1.02 mm. 
A total of six small diameter INCONEL tubes were welded to 
the test section at various axial locations. Three of the 
tubes, with an internal diameter of 3.2 mm and wall thickness 
of 0.8 mm, provided access for vapor probes. These "vapor 
ports" were located at 51.3 cm, 91.3 cm, and 131.3 cm above 
the bottom of the copper hot patch. All data presented in 
this report refer to the distance term "Z", which is refer- 
enced from the bottom of the hot patch. The other three tubes, 
with an internal diameter of 1.6 mm and wall thickness of 
0.8 mm, were all located at a Z of 81.2 cm. These tubes were 
originally intended to provide support for a spacer, and were 
welded in a plane perpendicular to the axis of the test sec- 
tion. The tubes are evenly spaced at 120 degree intervals 
around the circumference of the test section. All six tubes 
were welded perpendicular to the surface of the test section 
with a tungsten inert gas welding technique (TIG). 
The use of small diameter tubes with a minimum of fill 
metal at the weld was necessary to minimize the effect of the 
tubes on both the electrical heat flux generation and heat 
losses. This was particularly important in view of the multiple 
probe experiment. Previous work at Lehigh featured only one 
vapor probe inserted through a large diameter vapor port with 
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a large quantity of weld filler metal. The resulting distur- 
bance of the wall temperature profile was undesirable for 
multiple probe experiments. In addition, the new vapor probes 
were much smaller than the vapor probes used previously (2.4 mm 
vs. 6.4 mm O.D.), which enabled the use of a smaller diameter 
vapor port with thin walls. 
This was the first attempt at Lehigh to weld thin walled 
INCONEL tube, and the task proved to be quite difficult. Most 
welds suffered from small cracks which weeped during hydrostatic 
pressure tests. Attempts to repair the cracks usually led to 
the formation of additional cracks near the repair. Eventually, 
a successful technique was developed, although by then two 
test sections had been fabricated, each with several leaks. It 
was determined that attempts to repair the leaks by welding 
might further damage the test sections, so high temperature 
braze was used to patch the leaks. This placed a temperature 
limit of 650 C on the test section in the regions of the braze 
patches. Discussions with vendors after this lengthy process 
suggested that more filler metal of a different composition 
would lead to a higher rate of success during the fabrication 
of future test sections. 
Fixed CHF steady state experiments utilize the hot patch 
technique developed by Groeneveld et al. [3.2] to prevent a 
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quench front from propagating into the test section. Pre- 
vious work at Lehigh demonstrated the need for a "top patch" 
to prevent the formation of a descending quench front at the 
test section outlet. Two large copper blocks containing cart- 
ridge heaters were brazed to the test section to serve as the 
hot patch and top patch. The hot patch, with a diameter of 
15 cm and an axial length of 7.5 cm, contained 3 kw of cart- 
ridge heaters controlled with a variable transformer. Eight 
K-type ungrounded-junction thermocouples were placed in the 
hot patch for temperature measurement (fig. 3-4). The top 
patch contained 1.5 kw of cartridge heaters controlled with 
a variable transformer and four K-type ungrounded-junction 
thermocouples. Both the hot patch and the top patch were 
used as the power leads for the test section D. C. power 
supply.  This power supply was capable of operation at 0-30v 
at 0-1000 amps, resulting in a maximum possible test section 
wall heat flux of 400 kw/m2. 
The test section and hot patches were insulated with 
multiple layers of fibrous ceramic (Fiberfrax) insulative 
blankets. At a wall temperature of 550 C, test section heat 
loss was 210 watts, which represented a 3kw/m reduction in 
test section wall heat flux. This is approximately the 
same level as the heat losses experienced by researchers using 
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Figure 3-4.    Inlet hot patch 
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the more difficult radiation techniques [3.3]. The selection 
of insulation over radiation was made when fixed quench front 
experiments were expected to dominate this program. Moving 
quench front experiments present some difficulties in calcula- 
ting the test section heat loss due to the long time constant 
of the insulation. The effect of insulation temperature on 
wall heat flux during the cooling of the test section wall 
prior to the arrival of the quench front can be estimated, but 
the effect on wall heat flux during and after the passage of 
the quench front is difficult to quantify. 
In order to determine the effect of the insulation's time 
constant on the wall heat flux, the test section was evacuated 
and heated to 600 C. After attaining steady state conditions, 
the test section power was turned off and the wall temperatures 
recorded as they decreased with time (figure 3-5). The wall 
thermocouples declined at an initial average rate of .37 C per 
second. This would correspond to a wall heat flux of 1.8 
kw/m2, 60 percent of the steady test section heat loss. 
Therefore, if during an experiment the wall temperature declined 
at a rate of .37 C per second, the specific heat released by 
the Inconel test section would be the heat lost to the insula- 
tion, and the wall heat flux would be equal to the electrical 
energy input to the Inconel. If the wall temperature increased 
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early in the experiment, and decreased after reaching 50 to 
75 C above its initial value, it would be much more difficult 
to determine the effect of the time varying heat losses. As 
a result, the heat losses are difficult to estimate for the 
moving quench front experiments. Fortunately the heat losses 
typically represent only 10 percent of the total heat flux, 
so that a 25 percent error in heat loss represents only a 2.5 
percent error in wall heat flux. 
With test section heat losses typically less than 2 watts 
per centimeter of length, the conduction of heat along the 
vapor ports and spacer support tubes from the test section 
into the insulation resulted in greater localized heat losses. 
Calculations indicating a heat loss of 3 to 4 watts per tube 
were confirmed when 4 watt trace heaters were wrapped around 
each tube. Prior to the installation of the trace heaters, 
the wall temperature profile was depressed by as much as 40 C 
at distances of 2.5 cm above and below the vapor ports, and 
60 C in the vicinity of the three spacer support tubes. 
Installation of the trace heaters resulted in smooth wall 
temperature profiles at the power levels of 3 to 4 watts per 
trace heater. 
The wall temperature measurements were obtained with 
1.6 mm diameter, type K, Inconel sheathed thermocouples. The 
•27- 
thermocouple junctions were not grounded to the sheath in order 
to avoid electrical interference from the test section voltage. 
18 thermocouples were placed at various locations between the 
hot patch outlet and the last vapor port. 3 more thermocouples 
were placed downstream of the last vapor port. Due to the risk 
of damage during welding, all wall thermocouples were clamped 
to the test section with wire bands. The consequences of the 
fin effect on the thermocouple, and the potential error in 
measurement, were determinaed to be of two types. Conduction 
of heat along the thermocouple would result in a lower junc- 
tion temperature, and the thermal resistance between the wall 
and junction introduced a time delay when the wall temperature 
varied with time. In order to minimize the conduction effect, 
the insulation was prevented from contacting the thermocouple 
close to the junction, and the sheath was wrapped closely around 
the test section for the first one to two centimeters after 
the junction. This insured that the sheath close to the junc- 
tion was at a nearly uniform temperature, eliminating conduc- 
tion error. 
The time constant of each thermocouple was determined 
experimentally by evacuating the test section at ambient 
conditions and then starting the D.C. power supply at a high 
power level. By recording the test section voltage and the 
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wall thermocouple measurement on a stripchart recorder, the 
time constant for the thermocouple's response to a ramp func- 
tion was determined, as shown in figure 3-6. The time constants 
for the wall thermocouples were found to range from 2 to 3 
seconds. This implied that the thermocouple junction was 2 
to 3 seconds behind the actual wall temperature. During moving 
quench front experiments, the quench front typically pro- 
gressed less than a centimeter in 3 seconds and it was deter- 
mined that the errors that might result from a time constant 
effect would not be discernable. 
3.4 Vapor Probe 
The vapor probes used in this investigation were improved 
versions of the probe developed by Nijhawan et al. [3.1] at 
Lehigh University. The new probes retained the same operational 
concepts but with smaller diameter tubing, as shown in figure 
3-7. Four primary requirements were identified in the previous 
work: (a) preventing sensor quenching by the droplets, 
(b) reducing radiation heat transfer from the hot wall to the 
sensor, (c) minimizing temperature equilization between liquid 
and vapor phases during the measurement process, and (d) opera- 
tion at low to moderate qualities. The multiple probe objec- 
tives of this research effort necessitated incorporation of a 
fifth requirement, (e) minimal disruption of the flow as it 
-29- 
A 
125. 
100.- 
O 
ixl Q: 
H 75. 
Q: 
UJ 
CL 
1x1 
h- 
-
1
 50. 
< 
25. - 
0.0 
WALL THERMOCOUPLE 
RESPONSE AT Z=107 crrr 
DC POWER 
SUPPLY 
2.5 SECOND DELAY 
I I I 
0.       2.5 7.5 12.5 
TIME   (SECONDS) 
A 
-10. 
in 
8.    H 
o 
> 
UJ 
CD 
< 
- 4, 
O 
> 
1- 
o 
HI 
in 
i- 
in 
UJ 
H 
- 2, 
0.0 
17.5 
Figure 3-6. Determination of wall thermocouple time constant 
•30- 
WALL TEMPERATURE (C) 
i 
GO 
o 
I 
c 
-5 
n> 
to 
i 
CD 
o 
c+ 
n> 
-s 
3 
OJ 
c-h 
_j. 
O 
=3 
O 
-s 3 
o 
n 
o 
c ■a 
3 
fD 
n 
o 
(/I 
c+ 
OJ 
3 
r+ 
01   o 
o 
|\) -t> 0) GO 
. • • • 
TEST  SECTION  VOLTAGE   (VOLTS) 
r 
o 
A) 
A^i 
E 
VAPOR PROBE 
A A A INCONEL TEST 
SECTI ON 
FLOW TO VACUUM 
DIFFERENTIAL 
ASPIRATION 
AA- 
INNER TUBE 
1.07 DIAM X 0.2 MM WALL 
STAINLESS STEEL 
TUB ING 
OUTER TUBE 
2.4 DIAM X 0.3 MM WALL 
GROUNDED JUNCTION 
THERMOCOUPLE 
0.25 MM SHEATH 
C) 
UJ 
a: 3 
h- 
< 
or 
LU 
CL 
LU 
I- 
TVAPOR 
SAT 
TIME 
Figure 3-7.    Differentially aspirated vapor probe 
A) Vapor probe layout 
B) Vapor probe construction 
C) Vapor probe response 
-31- 
o 
TEMPERATURE 
C 
-5 
ft) 
nn> 
< < < rr> 
0> Q>   0> -s 
-a ■o -a ro 
o o o 3 
,    -s -s -s c+ 
y   XJ-DX! P 
,    -s -s -s ^-* 1
    o o o ~-J 
crcrcr << rt> ro a) 
CU 
-5 n —• (/> 
a> O   CU -a 
</> 3 << _i. 
T3 l/i  o 
-* O r+ C 0) 
3 -S  rt r+ (/5 C fl) 
fD o O. 
-j* < 
O 0> 
3 ■o 
O 
-s 
■o 
-s 
o 
cr tt> 
m 
r o 
OHO) 
• zero 
Nino 
U1I0C 
sz SOD 
s:om 
oo inc. 
mrc 
>mz 
H   o 
NO 
•   C 
4>H 
m 
D3) 
>H 
QJ 
-\U) 
en 
03> 
XP1 »—• i—« 22 
o or m 
LJ in w 
S S in 
> 
r 
m 
m 
r 
l\) 
> 
r 
r 
1 
> 
inn~ 
mmz 
oino HHO 
—     Z 
o m 
z   r 
oz 
-jm 
•JQ 
o 
— H H 
>c o 
SD3 
m < 
X > o 
o c 
* c 
r<sH 
< 
> 
o 
TJ 
o 
CD 
m 
^^ 
—~n 
rom 
>:o nrn 
— z OH 
Z — 
> 
r 
passed the vapor probe. The 6.4 mm outside diameter of the old 
vapor probes represented 42 percent of the test section inter- 
nal diameter. This was felt to be unacceptable for the multiple 
probe experiments. The new vapor probes retained the geometry 
of the old probes, but utilized thin wall stainless steel 
hypodermic tubing and a 0.25 mm diameter thermocouple to enable 
a 62 percent reduction in outside probe diameter. The new probe 
diameter of 2.4 mm represented only 16 percent of the test sec- 
tion hydraulic diameter. Construction of the prototype probes 
with such small diameter tubing proved to be more difficult 
than expected. The exposed junction thermocouples were fragile 
and were eventually replaced with grounded junction thermo- 
couples of the same diameter. A different technique was devised 
for connecting the probe to the aspiration lines on the produc- 
tion probe, resulting in much easier fabrication. Using this 
technique, further reduction in probe size is possible, although 
a smaller flow area may hamper fluid aspiration. 
Difficulties with proper probe aspiration were encountered 
during the development phase of the investigation. Hydraulic 
analysis of the vapor probe showed that the pressure drop from 
the entrance of the probe to the control valves was small, and 
that choked flow was not the problem. Observation of the aspira- 
ted flow as it passed through clear plastic tubing revealed a 
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highly oscillatory flowrate. Experimentation revealed that 
the oscillations corresponded to the passing of liquid slugs 
through the micro-metering flow control valves. The vapor probe 
is conceptually a volumetric flow device in that the flow must 
be continuously passing the thermocouple junction for proper 
operation. If the volumetric flow rate should suddenly drop 
to near zero then whatever flow was in the vicinity of the junc- 
tion would remain there, stagnating the measurement. The micro- 
metering needle valves feature an 0.48 mm orifice with a maximum 
liquid flow rate of 2 cubic centimeters per second. Whenever 
a liquid slug entered the valve, the probes volumetric flow 
rate would drop several orders of magnitude and thereby reduce 
the probe's effectiveness. This problem with the probe response 
was solved by using two valves and a separator on each aspira- 
tion line (fig. 3-8). The separator ensured that one valve 
always permitted a high volumetric flow of steam through the 
probe, while the other valve provided for constant drainage 
of the liquid phase. With the separators installed the vapor 
probe required very  little adjustment for proper operation. 
3.5 Differential Pressure Drop Measurement 
The pressure drop along the test section was measured over 
a 50 cm region located upstream of the vapor probe. A Validyne 
differential pressure transducer produced an output of +_10 
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volt proportional to its +_8600 N/m2 differential pressure 
range. The pressure taps utilized one of the spacer support 
tubes and the annular region between the vapor probe and the 
vapor port, for access to the flow, as illustrated in figure 
3-9. The tubing between the pressure taps and the transducer 
required a single phase fluid throughout for proper measurement 
of the differential pressure. An argon purge system combined 
with trace heating of the tubing was used to ensure that the 
tubing was always filled with a gaseous phase. This permitted 
easy verification of the zero reading whenever the test sec- 
tion was empty. 
3.6 Instrumentation and Data Acquisition 
Data acquisition was performed by a Kaye Instruments Ramp 
Scanner and Processor capable of monitoring 104 channels. The 
unit was programmed to convert voltage measurements to the 
appropriate engineering units of the process variables. In 
addition, the unit could be programmed for alarm limits on any 
channel. Relays in the unit permitted the automatic shutdown 
of power during unanticipated transients. The unit scanned 20 
channels e\/ery second and completed a scan of all 104 channels 
eyery 5.2 seconds. While the Ramp operated as a stand alone 
unit, it included two computer input/output ports which were 
connected to a Digital Equipment Corporation PDP 11-03 located 
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in the lab (fig. 3-10). The computer provided three main func- 
tions: (1) real time monitoring of the experiment, (2) storage 
of the data on floppy disk, and (3) high speed analog to digital 
data acquisition with a Datel 16 channel A/D board. Programs 
were developed on the PDP 11-03 to receive data from the Ramp 
processor and scanner, perform therrnodynamic calculations and 
high speed A/D conversion, display the relevant values on the 
terminal, and store the data on floppy disc. After an experi- 
ment, the data were transmitted to a DEC VAX 11/780, where the 
data were stored on hard discs. Data reduction was performed 
on the VAX due to the insufficient memory of the PDP 11-03. 
Loop Instrumentation 
Instrumentation of the two-phase loop consisted primarily 
of thermocouples and pressure transducers. The orifice flow 
meter was connected to a Validyne differential pressure trans- 
ducer that produced a -10 v to +10 v signal proportional to 
the differential pressure. This signal fluctuated, and was 
inputted to the PDP 11-03 high speed a/d board to obtain 
accurate time averages. The voltages of the boiler's three- 
phase power supply were also inputted to the a/d board to 
enable accurate calculation of the true R.M.S. voltages. All 
other loop instrumentation was measured with the Ramp scanner. 
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Test Section Instrumentation 
As mentioned previously, the test section included thermo- 
couples on the test section wall and in the hot patches, power 
level measurements for the test section and hot patches, and 
pressure measurements at the test section inlet,: spacer support 
tubes, and upper vapor port. All of these measurements were 
inputted to the Ramp scanner. In addition, the vapor probes 
were connected to stripchart recorders for uninterrupted dis- 
play of the vapor temperature. A switching box with precise 
voltage references provided the stripchart with voltages equiva- 
lent to 200 C and 500 C for K type thermocouples. Prior to 
every experiment, these voltages were switched to the strip- 
chart input to provide calibration references. A Validyne dif- 
ferential pressure transducer provided a pressure drop measure- 
ment across the 50 cm of tube upstream of the last vapor port. 
The transducer output was displayed on the same stripchart as 
the vapor probe, and was also inputted to the PDP 11-03 a/d 
board for high speed sampling. Due to the single-task limita- 
tion of the PDP 11-03 operating system, measurements of the 
pressure drop were obtained at 0.2 second intervals for only 
two continuous seconds during the complete 5.2 second data 
scanning cycle. The two total pressure measurements obtained 
at the same locations as the pressure drop measurements were 
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also displayed on the stripchart recorder to identify any oscil- 
lations in total pressure. This multiple stripchart configur- 
ation provided confirmation of the oscillatory flow patterns 
that occurred in some experiments. 
3.7 Calibration 
Mass Flux 
Calibration of the rotameter was performed by maintaining 
a steady flow of water through the rotameter and into a con- 
tainer for mass measurement. This was performed over a range 
of flowrates on several occasions, in order to account for 
the slight non-linearity of the rotameter. Variation in results 
from different days was less than one percent, and the error 
in mass flowrate indicated by the rotameter is less than one 
percent. Attempts also were made to calibrate the orifice 
differential-pressure flowmeter. The orifice meter was accurate 
to one percent during calibration, but the differential pressure 
measurement often drifted 10 to 30 percent during experiments. 
An exact cause for the drift was not found, although the trans- 
ducer's location relative to the pump was considered the prob- 
able cause of the drift. Attempts to correct the problem 
proved futile, and it was decided to use the flowrate indicated 
on the rotameter. 
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Inlet Quality 
The boiler was calibrated by a series of heat balance 
experiments. The boiler heat loss was determined by pressuriz- 
ing the loop to its maximum pressure, initiating flow at a high 
flowrate, and using the preheater to heat the fluid to within 
a few degrees of saturation temperature. Fluid thermocouples 
at the boiler inlet and test section inlet provided measurement 
of the fluid temperature drop and therefore heat loss to exter- 
nal surroundings. The fluid thermocouples had been tested pre- 
viously, and were found to be within 0.2 C of 100 C during an 
atmospheric boiling test. The boiler wall temperatures were 
recorded along with the ambient temperature to determine the 
driving force for the heat loss. The experiment was repeated 
at lower temperatures to allow the calculation of a heat loss 
coefficient. Heat losses from the boiler inlet to the test sec- 
tion inlet were typically 150 watts. 
Initial attempts at measuring the resistance of the INCONEL 
tube proved inaccurate due to the low resistance of the tubing 
(8 milliohm per phase). The boiler power was found by flowing 
room temperature water into the boiler at maximum mass flow 
rate and maximum system pressure, and heating the water to 
within a few degrees of saturation. Power input to the fluid 
was over 9 kw, a factor of 60 over the heat losses, and was 
■41- 
sufficiently large to calculate the total power output from 
the power supply. Recording the R.M.S. values of the power 
supply voltages on the PDP 11-03 computer permitted a back cal- 
culation of the boiler resistance. This experiment was repeated 
at different power distributions between the phases, and the 
net power to the fluid was found to be reproducible to within 
1/2 of one percent. At high power levels, the net boiler power 
error was less than one percent, but when the power level was 
less than 2 kw the error would exceed one percent due to the 
+_10 W error on the heat losses. 
Wall Heat Flux 
Test section power was calculated from the voltage drop 
across the test section, and the voltage drop across a 50 
micro-ohm shunt located in the test section DC power supply. 
The shunt voltage yielded the current flowing through the test 
section to within 1/2 percent. The power level was confirmed 
by performing a single-phase heat transfer experiment similar 
to the net boiler power experiment. Heat losses were measured 
by evacuating and then heating the test section to a steady 
state temperature. Repeating this experiment at different 
power levels permitted the derivation of a heat loss formula, 
enabling the heat losses to be calculated as a function of the 
wall and ambient temperatures. The hot patches contained 
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cartridge heaters of known resistance, and required no power 
calibration tests. The heat losses for the hot patches were 
obtained with the same experimental procedure used in deriving 
the test section heat loss formula. 
Pressure Drop 
The differential pressure transducer used for the pressure 
drop measurements was calibrated by filling the test section 
with argon, thereby generating a zero point, and then flooding 
the test section with water to obtain a known differential 
pressure. 
System Pressure 
The total pressure measurements were obtained with Statham 
strain gauge pressure transducers. The transducers were cali- 
brated with a Helicoid precision test gauge, resulting in 
measurement uncertainty of less than 3 kPa. 
3.8 Experimental Procedure 
The original goal of this experimental program was to 
obtain vapor temperature measurements at three axial positions 
downstream of a fixed CHF point. Starting with the test sec- 
tion flooded with argon at the same pressure as the loop, the 
test section, the hot patch, and the top patch were preheated 
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to temperatures in the range of 550 to 575 C. During this 
preheating stage, which required one hour if the test section 
started at ambient conditions, the operators brought the two- 
phase loop up to the desired operating conditions with flow 
through the test section bypass. At this time the instrumen- 
tation was checked out and the data acquisition programs on 
the computer commenced the real time monitoring of both the 
loop facility and the test section. When the various systems 
had reached steady state conditions, the boiler power was 
adjusted to obtain the desired test section inlet quality, 
while flow was passing through the bypass. When the inlet 
quality, mass flux, and system pressure were at the desired 
values, the following procedure would be executed to divert 
flow from the bypass into the test section: 
(1) the test section outlet valve was opened 
(2) the test section inlet valve was opened 
(3) the test section argon feed valve was closed 
(4) the bypass shutoff valve was closed 
This sequency of events, taking approximately 3 seconds, mini- 
mized pressure transients in the loop and therefore allowed 
the loop to restabilize at the same mass flux, pressure, and 
flow quality within 5 to 10 seconds. During this brief period 
the test section power was adjusted to a target value 
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determined prior to the experiment. Under the original fixed- 
CHF experimental concept, the operators would wait until the 
wall temperature stabilized, and then record a data point. 
While maintaining the post-CHF flow conditions in the test sec- 
tion, the operators could vary any of the four inlet conditions; 
mass flux, inlet quality, pressure, and wall heat flux. When 
the wall temperature profile stabilized another data point 
would be taken. 
Initial fixed-CHF experiments were attempted with only one 
vapor probe in an attempt to verify previous data. During 
this phase of the program, it was discovered that the fixed- 
CHF experiments were limited to a narrow range of inlet condi- 
tions. After considerable experimentation, the limitations 
were found to be due to two phenomena, the probe intrusive 
effect, and a possibly faulty braze joint in both hot patches. 
A few experiments were attempted with two probes, but concerns 
over the probe intrusive effect resulted in abandoning the 
multi-probe objective. 
Evaluation of the experiment and data acquisition capa- 
bilities led to the decision that the program should focus on 
moving quench front experiments. The data acquisition program 
was modified extensively to minimize the time between data 
scans for the moving quench front experiments, with a complete 
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set of measurements obtained every  5.2 seconds. The moving 
quench front experiments were performed with only one vapor 
probe, located at the last vapor port. The only modifications 
to the fixed-CHF procedure were to maintain the hot patch at 
the saturation temperature so that the hot patch was adiabatic, 
and to hold the test section power level constant throughout 
an experimental run to permit easier interpretation of the 
reduced data. The target power level was usually selected to 
produce maximum wall temperatures of 600 to 650 C. The four 
variables of the experiment, pressure, inlet quality, mass 
flux, and heat flux, were established using the same procedure 
as the fixed-CHF experiments, prior to diverting the flow from 
the bypass to the test section. As the quench front began to 
propagate up the test section, the vapor probe was adjusted 
to optimize probe response. One operator was responsible for 
the vapor probe response, and the other monitored the progress 
of the experiment on the terminal and noted on the vapor probe 
stripchart the average flowrate indicated by the rotameter. 
The flow oscillations observed at the rotameter seldom exceeded 
5 percent of the flowrate. The resulting error in measurement 
was an absolute error of +JD.4 kg/m^sec due to the "eye-ball 
average" plus an additional +_1 percent of the flowrate for 
rotameter uncertainties, resulting in a total mass flux 
•46. 
uncertainty of +_(0.4kg/m2sec + 0.01*G). During the pro- 
duction runs of the project, this was the primary mode of 
operation. 
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4.  RANGE OF DATA 
A total of 154 production experiments were run during this 
investigation, of which 144 runs were moving quench front 
experiments and 10 runs were fixed-CHF experiments. The range 
of conditions attempted during this investigation were: 
Mass flux (G) 13 to 85 Kg/m2/sec 
Pressure (P) 240 to 570 kPa 
Inlet flow quality (Xin) 0 to 70 percent 
Wall heat flux (Q) 18 to 57 Kw/m2 
Error estimates, detailed in Appendix C, indicate the 
following degrees of uncertainty in the experimental condi- 
tions: 
Mass flux (G) +_(0.4kg/m2/sec + O.OlxG) 
Pressure (P) +_3 kPa 
Inlet flow quality (Xin)   +_0.008 (low Xin) to 
+JD.03 (high Xin) 
Wall heat flux (Q)       +_3% 
The inlet quality and mass flux for these 154 runs are 
plotted in figure 4-1. The shaded area represents inlet con- 
ditions which could not be obtained due to limitations on the 
maximum boiler power. Attempts to generate inlet conditions 
in this region resulted in wall heat fluxes that exceeded the 
-48- 
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critical heat flux, resulting in boiler dryout and rapid 
increases in boiler wall temperatures. During such excursions, 
the boiler wall would rise by as much as 75 C per second, 
resulting in automatic boiler shutdown by the data acquisition 
system. The permanent programming in the data acquisition sys- 
tem required two consecutive over temperature measurements 
before turning the boiler off, resulting in a delay of 5 to 
10 seconds. On one occasion the boiler wall temperature 
exceeded 800 C, prompting a decision to cease further attempts 
to run in this region. Analysis with MacBeth's correlation 
for critical heat flux [4-1 ] showed that at the higher power 
levels corresponding to this region, the boiler wall heat flux 
was often 75 percent of the predicted critical heat flux. 
For the 154 production runs, a rating system was developed 
to characterize the vapor probe response and the steadiness 
of the flow: 
1-7 were moving quench front runs: 
1- Steady flow pattern with excellent vapor probe response. 
Vapor probe interpretation error typically less than 
+_5 C. 
2- Minor oscillation in flow pattern with excellent vapor 
probe response. While minor flow pattern oscillations 
were observed in the sight glass, the impact on the 
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data appeared to be negligible. Vapor probe inter- 
pretation error typically +_5 C. 
3- Steady flow pattern with fair vapor probe response. 
Vapor probe interpretation error typically less than 
+J5 C. 
4- Minor flow pattern oscillation with fair vapor probe 
response. Vapor probe interpretation error typically 
less than +_20 C. 
5- Minor flow pattern oscillation with poor vapor probe 
response. Vapor probe interpretation error typically 
+_25 C. 
6- Oscillatory run. Flow pattern was observed to oscil- 
late severely. Many runs oscillated from bubbly flow 
to dispersed droplet flow. Excellent vapor probe 
response yields limited qualitative data. 
7- Oscillatory run similar to rating 6, but without vapor 
probe response. These runs did not yield any data. 
11- 17 were fixed-CHF runs. Subtract ten from their 
rating and use the corresponding moving quench front 
rating description. 
The 24 runs with a rating of 1, plotted in figure 4-2, 
featured low mass fluxes, and were primarily with medium to 
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high inlet qualities. All runs that demonstrated steady flow 
were rated 1, 3, 11 or 13, and are plotted in figure 4-3. It 
is important to observe that the runs at lower qualities and 
higher mass fluxes are all in the medium to high pressure 
ranges. The runs that featured minor flow oscillations that 
were judged to not significantly alter the data are plotted in 
figure 4-4. While all mass fluxes and qualities are repre- 
sented in these groups, it should be noted that only one run 
in the high pressure range had an inlet quality greater than 
20 percent. Runs that exhibited severe oscillations were 
rated 6, 7, 16, or 17, and are plotted in figure 4-5. These 
runs demonstrated a direct dependence of the vapor temperature 
on the flow pattern, and were not reduced due to difficulty 
in quantifying the inlet flow quality as a function of time. 
Qualitative observations from the oscillating runs are pre- 
sented in Appendix A. 
Rating the 154 production runs resulted in 579 data points 
being obtained from the 123 runs that did not oscillate severely. 
A data point includes complete axial information on the wall 
temperatures, wall heat fluxes, and flow equilibrium qualities, 
the location of the quench front with its associated CHF 
quality, and the vapor temperature at the vapor probe. The 
mass flux and CHF quality for the 579 points are plotted in 
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figure 4-6. Six separate plots, figures 4-7 to 4-12, of the 
same 579 points grouped by ranges of mass flux and plotted by 
CHF quality and distance between the quench front and the vapor 
probe reveals the loss of data resulting from the probe intru- 
sive effect. The greater the quantity of liquid present in the 
test section, the greater the tendency towards preferential 
quenching at the probe. Once a quench region was established 
downstream of the vapor probe, a descending quench front would 
move upstream of the vapor probe, resulting in a reduced or 
zero vapor probe measurement. Any data obtained after the 
descending quench front passed the probe was judged to be 
invalid and no attempt was made to quantify the resulting reduc- 
tion in vapor superheat. 
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Figure 4-8.    Distance vs.  CHF quality for all data points 
with G between 16 and 25 kg/m2 sec 
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Figure 4-9.    Distance vs. CHF quality for all  data points 
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Figure 4-10. Distance vs. CHF quality for all data points 
with G between 35 and 50 kg/m2 sec 
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Figure 4-11.    Distance vs.  CHF quality for all  data points 
with G between 50 and 65 kg/m2 sec 
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Figure 4-12.    Distance vs.  CHF quality for all  data points 
with G between 65 and 85 kg/m2 sec 
-64- 
I 
I 
C 
-s 
fD 
-)^ 
I 
ro 
s. o 
—Jl —i« 
rt- (/> 3" r+ 
D> 
fj> 3 
O 
CT fD 
d- < 
ro • 
fD 
3   O in 
en -n 
en 
X) 
o> c 
3   0) 
a. —J 
CX) .ri- 
7T -t) 
IQ   O 
3^ 
roo» 
</) —i 
o a. 
OJ 
r+ 
w 
-a 
o 
3' 
c+ 
c/i 
O 
O 
o 
CD 
> 
Z 
o 
m 
o 
x 
~n 
-i 
o 
■D ? 
3    CD 
O 
CD 
m 
£  b 
N 
CHF  QUALITY 
0000 
o 
1 
_1_ 
10 4> 
_i_ 
Ul 0) 
_L_ 
CD 
I 
D 
> a* 
D 
a > 
□ > 
CO 
_1_ 
o 
_I 
V) 
-< 
D   CD 
O 
-*>. U »—* ~0 
m (n 
I\) N 01 
O 01 O 
H H H 0) c O O O 
0) ^. LJ m 
O N l\) 
> O O 01 
7T 7^ 7T z 0 
m Tl 1] 1) Q Q 0 
5.  DATA REDUCTION 
5.1 Overview of Procedure 
The data reduction process developed for the moving quench 
front experiments involved four steps: (1) preliminary calcula- 
tions of inlet conditions and plotting of the raw data, (2) eval- 
uation of the raw data and assignment of a rating, (3) reduction 
of the vapor probe data for those runs judged to be steady or 
exhibiting minor oscillations in flow pattern, and (4) complete 
data reduction of experiments with steady or minor oscillations 
in flow pattern. The limited quantity of fixed-CHF experiments 
used the same process, with only minor changes in the execution 
of step 4. 
5.2 Preliminary Calculations and Plots 
Execution of the primary data reduction program performed 
the following tasks, (1) calculation of the inlet conditions, 
(2) determination of the average electrical heat flux, and 
(3) generation of four plots featuring both raw and calculated 
values. The mass flux was calculated based on the flowrate 
manually recorded by the operators on the vapor probe stripchart. 
The test section inlet pressure was calculated by averaging the 
measurements obtained every 5.2 seconds during the experiment. 
The design of the two phase loop ensured that the inlet pressure 
did not drift significantly during an experiment, eliminating 
-65- 
the need to determine the inlet pressure as a function of time. 
The boiler power measured at the beginning of the experiment was 
used to calculate the test section inlet quality. The boiler 
power was not varied during the experiment. 
An energy balance was performed on the hot patch for every 
data scan, and the net value averaged. For the moving quench 
front experiments, the net value was s/ery close to zero, result- 
ing in little or no change in flow quality from hot patch inlet 
to hot patch outlet. For the fixed-CHF experiments, the change 
in flow quality due to the hot patch was as large as 10 percent 
and varied with time. The average wall heat flux during the 
experiment was calculated to provide a preliminary indication of 
the heat flux encountered in the event that an attempt was made 
to duplicate the experiment before it was completely reduced. 
The preliminary data reduction phase generated four raw 
data plots to provide a quick indication of the quality of a run. 
Examples are shown in figures 5-1 through 5-5. The first plot, 
figure 5-1, plots the wall temperature versus axial position. 
Every third data scan was plotted, resulting in a wall temperature 
profile eyery  15.6 seconds. All of the plots produced during 
the data reduction phase present temperatures in terms of 
superheats (excess above fluid saturation temperature). Figure 
5-1 is from an experiment at low mass flux and high quality, 
-66- 
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Figure 5-1.    Wall  temperature profile obtained every third 
raw data "snapshot" for run 100 
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while figure 5-2 is from an experiment which suffered from the 
probe induced quench with descending quench front. 
Figure 5-3 presents the time history of each wall thermo- 
couple plotted in figure 5-1 that was quenched by the ascending 
quench front. The temperature and time corresponding to the 
occurrence of critical heat flux at each thermocouple is indi- 
cated by the circles.  Critical heat flux was determined by 
using IMSL interpolation routines on the computer to obtain the 
instant when the rate of wall temperature decrease was greatest, 
which corresponds to the maximum heat flux. 
Figure 5-4 is a multi-plot to assist in the evaluation of 
the experiment. The triangles represent the time and location 
of wall thermocouple quenches. The line represents a least 
squares fit to these points. The slope of this line provides an 
indication of the quench front velocity. The circles represent 
the wall heat flux based on electrical power only. Heat losses 
and sensible heat contributions are not included. This plot 
provides an indication of the power supply operation during an 
experiment, specifically temperature-limit power trips (Q=0) and 
operator intervention. The plus signs indicate the raw differ- 
ential pressure measurements. The vertical line represents the 
time when either of the pressure taps quenched. 
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Figure 5-2. Wall temperature profile vs. time for run 146 
demonstrating vapor probe wake effect 
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PRESSURE DROP (PERCENT STATIC HEAD] 
In order to assist the classification of an experiment's 
flow pattern, figure 5-5 presents the product of two probabilities, 
(1) the probability of a given delta pressure measurement 
occurring, and (2) the probability that the previous or next 
delta pressure measurement was within a specified range of the 
current delta pressure measurement. For example, on the curve 
with a 2 percent window, for any measurement with a value of 
2.5% static head, this would be the probability that an adjacent 
(in time) delta pressure measurement was within the range of 
0.5-4.5% static head (2.5% +_2.0% [WINDOW]). This plot aids in 
determining if an experiment's flow pattern was steady or oscil- 
lating. 
5.3 Evaluating the Rating of the Experiment 
The quality of the vapor probe response and the severity or 
lack of oscillations in the flow pattern governed the rating of 
each experiment. Four sources of information were used in the 
evaluation: (1) observations noted by the operators, based on the 
flow pattern visible in the sight glass located at the boiler 
outlet, (2) quality and characteristics of the vapor probe 
response and pressure drop measurement recorded on the strip- 
chart, (3) appearance of the wall temperature versus time plot, 
and (4) appearance of the probability of pressure drop plot. 
The quality of the vapor probe response was based primarily on 
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Figure 5-5.    Probability of pressure drop measurement for 
run 100 
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the stripchart. Knowledge of the time when a descending quench 
front passed the probe, obtained in the preliminary data reduc- 
tion step, assisted in differentiating between poor probe 
response and the localized quenching that occurred in some exper- 
iments. 
The severity of flow oscillations was often graphically 
illustrated by the three different data representations (2) 
through (4). If the flow was steady, resulting in a constant 
void fraction, the probability of differential pressure plot 
would appear as in figure 5-6a. For oscillating flows where the 
void fraction oscillated between two values, the plot would 
appear as in figure 5-6b. Operator observations consistently 
confirmed the conclusions drawn from the plots. 
Figures 5-7, 5-8, 5-9 demonstrate the appearance of a class 
1 run featuring steady flow and excellent vapor probe response. 
Figure 5-7 illustrates the steady decline in wall temperatures 
resulting from a steady flow pattern. The pressure drop proba- 
bility plot, figure 5-8, indicates a near constant pressure drop 
and therefore steady flow pattern. The raw pressure drop 
measurement, along with the vapor probe measurement in figure 5-9, 
confirms that this run was steady. A class 2 experiment with 
minor oscillations in flow pattern and good vapor probe response 
is illustrated in figures 5-10, 5-11, and 5-12. The ripple in 
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the wall temperature plots, a flattened probability chart, and 
the characterises of the vapor probe and pressure drop strip- 
chart demonstrate the quality of class 2 experiments.    The sever- 
ity of flow oscillations in class 6 experiments is shown in 
figures 5-13, 5-14,  and 5-15.    Observations of the flow pattern 
visible in the sight glass often revealed that the flow pattern 
at the boiler outlet would oscillate between bubbly flow and 
annular flow.    The class 6 experiments were not reduced.    After 
classifying all of the experiments, serial  numbers were assigned 
to each run based on its rating, as shown in table 5-1. 
TABLE 5-1 
Evans/Webb reduced data serial numbers 
100-123 Rating class 1,    moving quench front data 
124-139 Rating class 2,    moving quench front data 
140-152 Rating class 3,    moving quench front data 
153-202 Rating class 4,    moving quench front data 
203-213 Rating class 5,    moving quench front data 
214-222 Rating class 11, fixed quench front data 
300-316 Rating class 6,    moving quench front data 
317 Rating class 16, fixed quench front data 
318-329 Rating class 7,    moving quench front data 
Only runs 100 to 222 are reducible and therefore they are the 
only runs released.    Runs 300-329 were not released as data, but 
-82- 
550 
500- 
OCCURANCE OF CRITICAL HEAT FLUX AS 
INDICATED BY THE THERMOCOUPLE 
RUN 304 
RATING 6 
i 1 1 1 1 1 1 
100  150  200  250  300  350  400  450  500 
TIME (SECONDS) 
Figure 5-13.    Wall  temperature vs. time for a typical run 
with a rating of 6 
•83- 
SUPERHEAT 
i 
CXI 
co 
i 
co. 
c 
-s 
fD 
on 
i 
__i 
co 
r+ —J 
QJ   <-*• 
fD 
-?  3 QJ   XJ 
c+ fD 
_.. s 
=5 QJ 
CO   c+ 
C 
O -s 
-h fD 
CT> < 
r+ 
fD 
31 
-S 
EU 
—J» 
o 
QJ 
-5 C 
3 
Ul o 
<->         o o 
o- 1 1 
(Jl 
o 
»—• 
o- 
o 
01 in o Ul o o 
o- o 
-J> 01- o 
o- o 
33) 
>c 
HZ 
i—i 
Zld 
CDO 
4=> 
0) 
— O 
zo 
DO 
— C Oro 
>> 
HZ 
mo 
om 
CDO 
-<-n 
m-« 
H 
H~ in 
m> 3r 
OI 
om 
o> 
<Z-i 
"0 mi 
mr 
c 
X 
> 
1.0- 
0.9- 
0.8- 
0.7- 
>- 0.6- 
\- 
•—( 
-I 
»—« 
tn 0.5- 
< 
CO 
o 
rr 
Q. 0.4- 
0.3- 
0.2- 
0.1- 
0.0- 
RUN 304 
RAING 6 
3.0 PERCENT WINDOW 
2.0 PERCENT WINDOW 
1.0 PERCENT WINDOW 
1 ^T i— —r 
-5.0      0.0       5.0       10.0      15.0 
PRESSURE DROP (PERCENT STATIC HEAD) 
20.0 
Figure 5-14. Probability of pressure drop for a typical 
run with a rating of 6 
•84- 
PROBABILITY 
i 
00 
I 
c 
-% 
fD 
en 
i 
-s -a 
c  -i 
3   O 
cr 
%   B> 
_i. cr 
QJ ,r+ 
<< 
-s QJ     O 
r+ -h 
3 XJ 
IQ   -5 
fD 
O </> 
-*, to 
C 
CT) -S 
fD 
Q. 
-s 
o 
-o 
-s 
QJ 
r+ 
<< 
T3 
—j* 
n 
en 
Ul 
33 
m 
01 
c 
m 
D 
33 
o 
"0 
Ul 
3 o m 
3D 
o 
m 
z 
H 
Ul   O. 2° 
H 
•—I 
O 
D  O 
o. 
i 
to 
i 
_L_ 
Ul 
I 
0) 
_1_ _1_ 
m 
i 
CD 
_J_ 
O 
_J 
33 m 
o 
"0 
"0 
m 
33 
o 
O 
m 
Z 
H m m 
33 
o 
z 
== 
m 
Z 
H 
5= 
Z 
D 
Z 
D 
O 
=£ 
»—• O 
2 S; 
O 
O 
33 33 
>C 
— Z 
Z 
QUJ 
O 
0)-J> 
PRESSURE   DROP 
PEAK   TEMPERATURES   OVER   475  C 
105 
TIME    (SECONDS 
Figure 5-15.    Vapor probe and pressure drop stripchart for 
a typical  run with a rating of 6 (run 304) 
-85- 
VAPOR TEMPERATURE (C) PERCENT   STATIC  HEAD 
i 
00 
en 
i 
to 
c: 
-s 
en 
i 
o> 
r+ -o 
<< O 
T3   -S 
n'-o 
CD   -s 
—' o 
-s m 
3    PI 
=3 
S.   Q. 
-s 
-s ts' 
c o 
=3 =r 
a> 
co -$ 
o r+ ■p. 
>■—-h 
o 
-s 
CD 
O 
H 
m 
L3"  "5 (DO 
<T3 IIIUI 
£u   to O 
-s C 
C"  -s 
c+ rt> 
O 
7 
—j. 
3    Q. D 
tQ   -s 
O U) 
O T3 *'~
—
' 
observations from these runs are reported in Appendix A. In 
addition, 42 pre-production runs were not given serial numbers. 
5.4 Reduction of the Vapor Probe Data 
If an experiment had a rating of 1 to 5 or 11 to 15, then 
the next step in the data reduction process was the interpreta- 
tion of the vapor probe stripchart. This process began with 
plotting the time base on the stripchart, and verification of 
the saturation temperature. A smooth curve was then drawn 
through an average of the peak vapor measurements. A series of 
points were selected to provide enough information to represent 
the vapor superheat as a series of linear interpolations during 
the data reduction process. The time and vapor superheat measure- 
ments for these points were entered into a program that provided 
for the proper storage of the vapor data points. These points 
were then used in the final data reduction program. 
5.5 Final Data Reduction 
The format of the final data reduction was governed by the 
criteria used to select valid data points for the moving quench 
front experiments. Some of the moving quench front experiments 
lasted over 10 minutes, with quench front velocities as low as 
1.3 mm per second. The raw data for these experiments often 
included more than 100 raw data scans. Reporting such a large 
-86- 
volume of data was thought to be unnecessary. It was decided 
that a useful criteria for generating individual data points 
involved reporting all of the necessary information obtained at 
the instant corresponding to the quench of a wall thermocouple. 
The quench front was determined to be passing a particular thermo- 
couple when the time derivative for that thermocouple reading 
reached its maximum, corresponding to a maximum rate of tempera- 
ture decrease and maximum surface heat flux. The time deriva- 
tive was based on an IMSL interpolation routine available on 
the computer. Therefore, the data points reported for moving 
quench front experiments correspond to the instant when a wall 
thermocouple quenched and a vapor superheat measurement was 
available. Criteria were established to ensure that the vapor 
superheat measurement was not corrupted by the initial transients 
or a descending quench front. 
For fixed-CHF experiments, two or three data points were 
generated at times corresponding to approximately 30, 60, and 
90 percent of the total time of the run. Including the 25 data 
points from fixed-CHF experiments, a total of 579 data points 
were generated from the 118 experiments with ratings of 1 to 5 
and 11 to 15. The inlet conditions, location of CHF and its 
associated quality, vapor temperature at the vapor probe, and 
complete axial information on the wall temperatures, wall heat 
-87- 
fluxes, and flow equilibrium qualities for all 579 data points 
have been tabulated in reference 5.1. A sample tabulation for 
run 100, and an explanation of the calculations used in this 
final data reduction process are located in Appendix D. In addi- 
tion to the tabulation, plots were generated on the computer to 
graphically display the data obtained from each of the 118 runs. 
The following plots from run 100 illustrate typical data obtained 
during this investigation. 
Figure 5-16 is a plot of the wall temperature profile for 
the data points obtained from this experiment. The circles 
represent the location of the quench front for each temperature 
profile. 
Figure 5-17 is a plot of wall heat flux versus time as cal- 
culated at each of the thermocouples located between the test 
section inlet and the vapor probe. Calculation of the local wall 
heat flux includes time varying heat losses and the storage and 
release of sensible heat in the test section wall. A more detailed 
discussion of wall heat flux is located in Appendix D. The spikes 
represent the release of sensible heat from the wall when the 
quench front passed each thermocouple. The spikes are not uni- 
formly spaced due to the varying distances between the wall 
thermocouples. 
Figure 5-18 is a plot of the wall heat flux calculated at 
the wall thermocouple 2 cm upstream of the vapor port. The 
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Figure 5-16.    Wall  temperature profile for the 15 data 
points reported from run 100 
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wall heat flux at this location is the wall heat flux used in 
the effective convective heat transfer coefficient calculations 
at the vapor probe. Measurements precisely at the vapor probe 
are corrupted by the variation in test section electrical resis- 
tance in the vapor port weld area, the fin effect of the vapor 
port to external surroundings, and the local variation in wall 
volume and therefore sensible heat. 
Figure 5-19 is a plot of the vapor superheat measured by 
the vapor probe, and the wall superheat 2 cm upstream of the 
vapor probe. The line represents the vapor temperature which 
would result if the actual quality of the flow downstream of the 
quench front was frozen at the quench front equilibrium quality. 
For moving quench front experiments figure 5-20 represents 
the data presented in the previous plot, cross plotted against 
the distance between the quench front and the vapor probe. The 
wall and vapor superheats for each of the data points obtained 
from this experiment are plotted as a function of the distance 
between the wall thermocouple which was quenched and the measure- 
ment location. Notice that the wall measurement is always 2 cm 
closer to the quench front than the vapor measurement. 
In figure 5-21, the equilibrium quality along the test sec- 
tion is plotted as a function of distance for each of the data 
points. The step increase in quality for each curve represents 
the addition of sensible heat from the inconel to the flow at 
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reported from run 100 
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the CHF location and the actual quality measurement is for visual 
reference only, and does not represent any data. 
Figure 5-22 is a plot of (1) the CHF quality as the quench 
front propagates up the test section, (2) the equilibrium quality 
at the probe vs. time, and (3) the actual quality at the probe 
vs. time. The minimum possible actual quality at the vapor 
probe is usually the CHF quality, except in low quality experi- 
ments when, because of the limited quantity of vapor present, the 
vapor temperature would have to exceed the wall temperature for 
the actual quality to equal the CHF quality. For all runs the 
actual quality could never be less than the CHF quality without 
violating thermodynamic constraints. 
Figure 5-23 is a plot of the effective wall to vapor convec- 
tive heat transfer coefficient. This is calculated by dividing 
the wall heat flux at the thermocouple 2.4 cm upstream of the 
vapor probe by the difference between the wall temperature at the 
same location and the vapor temperature measured by the probe. 
Figure 5-24 presents the same data as plotted above, but 
only for the data points reported versus the distance between 
the quench front and the vapor probe for that data point. This 
particular run demonstrates a slight reduction in the convective 
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Figure 5-22. CHF quality, actual quality at the vapor probe, 
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time for the 15 data points reported from run 100 
-97- 
QUALITY 
i 
--4 
I 
tn 
c 
-s 
CD 
(Jl 
I 
ro 
ro 
-••zs zn 
3 Q. -n 
ro 
ft) -O 
-h-Q c 
o c a> 
-s  _i. —i 
CD 
O 
CO o 
8H 
Ul 
_]_ 
00 
o 
00 
Ul 
<0 
o 01 
_1_ 
o 
o 
c+ -■• c+ IM 3- cr<< H °H ro -s « »—* o 
2 
tn 3 n rn 
C+ Q..Q   C ^^ 
OJ c w ul r+ n) —• 10 01   —i m o- 
-J.J3 ■O   rtC o o 
o 
o << a> 
—J*      —i z 
3   0»   -"• o 
r+ r+c+ 
to       *< Ul 
1   T» ~ -^ 
ro ro r+ o- 
T3 o 
o  <  c+ 
1   DID" 
r+"0 ro 
ro o 
Qu -S  < 
-hT3"0 Ul 
-s -s o o 
O   O  -5 o 3 cr 
ro -o 
-j      -s c < o 
3   «/>   D- 
•   ro 
—4          v* 
o 
o 
CO 
o 
o 
o 
□ o 
□ o 
□ o 
□ o 
D O □ o 
□ o 
□ o 
D O 
□ □        QD 
□ o □ o        > 
>     O    D 
m  > o 
O    O i 
c  -t -*i 
> ~  c r  > D 
--  r C 
> CD > 
3    D r 
—  c »—* c  > -\ 
> s  r 
D    -H 
-< 
> c  -< 
> > r  > 
> H 
-<    H 
1 D31 
> >  m >C 
-i HZ 
< > 
-» > ►—■ 
> I    T) TJO 
fc 
m  o OO 
>—4 
< z 
> >    "D H 
-o   IE Ul 
 O    O 
3    CD t—• 
> rn 
"0 H 
a) O o 
CD »—• 
m Ul 
RUN   100 
200-1 
O (\J 180- 
\ 
160- 
Z 
w 
o 140- 
II. 
W 120- 
O 
cc 
1x1 100- 
z 
< 
cr   80- 
i- 
i- 
<   ™ UJ    60- 
X 
UJ 
~    40H 
H O 
UJ 
z   20H 
o 
o 
0)O 
^m^^o 
c&&< 
100 200 300 400 
TIME   (SECONDS) 
500 600 
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heat transfer coefficient as the quench front neared the vapor 
probe. While some runs demonstrated the same trend, many runs 
did not. This particular run was at a low mass flux and high 
quality, and the reduction in vapor velocity at the probe as the 
quench front approached the vapor probe, as demonstrated by the 
decreasing frictional pressure drop in figure 6-4, was probably 
responsible for the decrease in the convective heat transfer 
coefficient. Many other runs at different inlet conditions 
indicated a more constant convective heat transfer coefficient. 
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6.  VOID FRACTION EVALUATION 
While the main purpose of the test program was determination 
of the vapor superheat, or thermodynamic non-equilibrium, in con- 
vective film boiling, pressure drop measurements were obtained 
simultaneously in an attempt to estimate the corresponding void 
fractions. For this measurement, a differential pressure trans- 
ducer was installed between the vapor port and the upstream 
spacer support tube as shown in figure 3-3. Thus, the time 
dependent total pressure drop was measured in the convective 
film boiling regime. 
The objective of the pressure drop measurement was to esti- 
mate the void fraction in convective film boiling. The total 
pressure drop is the sum of friction, acceleration, and gravity 
components: 
dpf + dPacc + dPg =dPt (6"1) 
The models used to calculate each of these components are dis- 
cussed by Webb in reference [6-1]. 
In the application of these models, the quality variation 
between the two pressure taps must be specified in order to 
determine the total frictional pressure drop. Three different 
models for the variation in quality with axial distance can be 
incorporated into the calculation. As shown in figure 6-1, the 
models are (1) frozen quality at the CHF quality, (2) equilibrium 
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Figure 6-1.    Models of flow quality 
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quality along the test section, (3) equilibrium quality from 
Zchf unt^ tne equilibrium quality matches the actual quality 
measured by the vapor probe, and frozen quality from that loca- 
tion to the vapor probe. The frictional pressure drop calcula- 
tions were performed for each of the three quality models. Com- 
parisons of the results for each model will be presented later. 
The area average void fraction, «x>, cna be determined from 
the total pressure drop measured during the tests by using the 
pressure drop component methods outlined in reference [6-1]. 
The general procedure is to subtract the frictional and acceler- 
ation components, which are not a function of the actual void 
fraction, from the total pressure drop. The result is the gravity 
component which can be used to evaluate the average value of <a> 
between the pressure taps. 
The pressure drop measurements used in the void fraction 
calculation were obtained throughout each run, but only the data 
obtained prior to the quenching of either pressure tap are used. 
The quenching of a pressure tap indicated that either the ascend- 
ing or descending quench front had moved into the measurement 
region. Since the entire measurement region then would not be 
in post-CHF flow, the analysis used would no longer be valid. 
The raw data obtained for a typical class 1 run, prior to the 
quenching of a pressure tap, is shown in figure 6-2. Figure 6-3 
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shows the stn'pchart recordings of the differential pressure 
measurement for the same run at times corresponding to A, B, C, 
and D on figure 6-2. The scatter appearent in figure 6-2 is 
primarily due to the severe time compression of that plot. The 
nature of the phenomena responsible for the actual scatter could 
not be determined specifically, but several possibilities exist, 
including measurement noise, liquid droplet impact at the pressure 
taps, and the stochastic nature of two-phase flow. 
In order to determine reasonable void fractions as a func- 
tion of time, a second order least squares approximation was 
obtained for the raw differential pressure measurements and is 
represented by the line in figure 6-2. By subtracting the fric- 
tion and acceleration pressure drops from the smoothed total 
pressure drop, the gravitational pressure drop as a function of 
time was determined, as shown in figure 6-4. Figure 6-5 shows 
the void fraction calculated from the gravitational pressure 
drop. Since measurement of void fraction by differential pressure 
drop is not very accurate, the significant finding of the void 
fraction calculations is the decrease in void fraction as the 
quench front approaches the measurement region. The actual void 
fraction measurements are accurate to only 0.03, but since the 
inaccuracy is due primarily to quality modeling errors and cali- 
bration errors, which would not change during an experiment, the 
trend indicated is in itself significant. 
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Figures 6-4 and 6-5 are based on the actual quality model 
mentioned in section 6.2. As concluded in the discussion, the 
vapor superheat is small in the region close to the quench front, 
and then increases at a rate corresponding to a nearly frozen- 
quality flow further downstream. The match actual probe quality 
model fits this scenario the best, but as indicated in table 6-1, 
the other two models yield frictional and acceleration pressure 
drops of the same magnitude as the model used. 
The resulting uncertainties in void fraction due to model 
limitations were on the order of 0.01. As the quench front 
approaches the measurement region the total pressure drop becomes 
much larger than the frictional and acceleration pressure drops 
of all the models. Therefore, the selection of different quality 
models would not alter the trends demonstrated by these data. 
The objectives of the void fraction measurement were 1) pro- 
vide an approximate void fraction for each data point, and 2) show 
the change in void fraction with time for each run. Because of 
inaccurate zero settings, data acquisition limitations, vapor 
probe induced descending quench fronts, and rapid fluctuations 
in the pressure drop measurement, the quantity of pressure drop 
data obtained during some experiments was insufficient to support 
either objective. Many experiments were subject to only one or 
two of these limitations, thereby permitting the approximate 
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Table 6-1  Total pressure drop (dpt), based on least squares curve fit 
to the raw data, and the corresponding frictional and 
acceleration pressure drop for the three different quality 
models. The elapsed time between each line is 31.2 seconds 
(differential pressure in kg/m2). 
Equil ibrium Frozen Match Actual 
dpt dpf dPa void dpf dPa void dpf dPa void 
10.4 4.2 1.0 0.991 7.7 2.5 1.004 6.6 2.6 0.999 
1 
11.7 4.3 1.1 0.989 7.8 2.8 1.002 6.8 2.9 0.997 
I—) 13.4 4.4 1.3 0.986 7.7 3.2 1.000 6.8 3.4 0.994 
1 15.3 4.5 1.3 0.982 7.6 3.4 0.995 6.6 3.6 0.990 
17.7 4.5 1.4 0.976 7.2 3.5 0.990 6.4 3.7 0.985 
20.4 4.5 1.4 0.971 7.1 3.6 0.984 6.2 3.8 0.979 
23.4 4.5 1.4 0.964 6.9 3.7 0.977 6.0 3.9 0.972 
26.8 4.5 1.4 0.957 6.7 3.7 0.969 5.8 3.9 0.964 
30.5 4.5 1.5 0.949 6.4 4.0 0.961 5.6 4.1 0.956 
34.5 4.5 1.5 0.940 6.0 4.1 0.952 5.3 3.7 0.946 
void fraction to be calculated for many data points. While data 
shown here are typical of the high quality, low mass flux, slow 
quench front runs, the quantity and quality of raw data for many 
runs was not sufficient to support the second objective. 
In order to help assess the implications of the void frac- 
tion results, a plot of theoretical void fractions was performed. 
The information shown in figure 6-6 is illustrative only and does 
not represent any data obtained in this investigation. When the 
experiment begins, the test section is flooded in argon and has 
a void fraction of 1. The line with the plus signs is based on 
the void fraction that would result if all the liquid mass flow, 
based on inlet quality and mass flow rate, remained uniformly 
distributed in the test section. This would be the minimum 
possible homogeneous void fraction as a function of time. 
Obviously the void fraction remains far above this line, which 
implies that most of the liquid entering the test section either 
evaporates or exits the test section outlet. The other series 
of curves is the void fraction based on the CHF quality, with 
no change in the quality downstream of CHF (adiabatic), and 
various slip ratios ranging from 1.0 to 60.0. This plot does 
not present any data, and is presented solely to illustrate what 
the slip ratio would be for a given void fraction. Since these 
curves are based on constant quality flow when the quality is 
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Figure 6-6. Theoretical void fractions vs. time for run TOO 
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actually increasing, the slip ratio corresponding to a void 
fraction would actually represent a minimum value since the 
addition of heat increases vapor volumetric flow and reduces 
liquid flow. With more vapor present and less liquid present, 
the slip ratio would have to be higher for the same void frac- 
tion. By comparing figures 6-5 and 6-6, the void fraction 
measurements obtained during this run indicate slip ratios 
greater than 50 in the region immediately downstream of the CHF 
location. This finding was consistently demonstrated by the 
void fraction data obtained during this investigation. 
The results of the void fraction calculations presented in 
figure 6-5 are plotted in figure 6-7 as a function of the dis- 
tance between the quench front and the middle of the 50 cm 
pressure drop measurement region. It is important to note that 
the void fraction is an average value for the 50 cm upstream of 
the vapor probe. When the quench front is 50 cm from the mid- 
point of the measurement region  it is 75 cm from the upper 
pressure tap and only 25 cm from the lower pressure tap. 
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7.  DISCUSSION 
The results of this experimental program are significant in 
three areas: improvements in experimental technique for measuring 
vapor superheat in post-CHF flow, observations of the nature of 
convective dispersed flow film boiling, and definition of future 
experiments to assist in the refinement of non-equilibrium models 
for post-CHF heat transfer. The first area is discussed in 
Appendix B, and the second and third areas are discussed here. 
7.1 Experimental Findings About Post-CHF Heat Transfer 
The data obtained demonstrate previously observed trends 
for wall temperatures and wall heat fluxes in post-CHF flow. 
The vapor temperature measurements yielded unexpected trends for 
vapor superheats as a function of axial distance from the quench 
front. As demonstrated below, the results were found to be 
readily duplicated for different experiments performed at the 
same inlet conditions. 
Data from two runs at similar inlet flow conditions are 
shown in figure 7-1. The instantaneous axial distribution of 
wall superheats and the measured vapor superheat are plotted 
for three different times (A,B,C) during the history of each 
run. At any one instant, the wall superheat rises rapidly 
immediately downstream from the CHF location and attains super- 
heats in the order of 300 to 500 C in the convective film 
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Figure 7-1. Temperature vs. time for two moving quench 
front experiments at similar inlet conditions 
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boiling region. With increasing time in each experiment, the 
CHF location propagates upward into the test section, as indi- 
cated by the progression of axial wall temperatures from times 
A to C. The corresponding vapor superheats detected by the 
vapor probe at a fixed axial location are indicated for each of 
the three time instants. Clearly, as the CHF quench front 
approached the location of the probe station, the measured vapor 
superheats decreased in magnitude. The two runs plotted in 
figure 7-1 also give a representative indication of the experi- 
mental duplicability in these tests. As listed in the legend, 
the test parameters (G, Xin, Q, P) were similar for the two runs. 
In the actual test sequence, these two runs were separated by 
a complete quench of the test section and a restart of the 
experiment. Duplicability of wall superheats in the film boil- 
ing regime was of the order of 5 percent (20 C out of 400 C), 
and the duplicability of vapor superheats was of the order of 
10 percent (25 C out of 250 C). 
An Eulerian view of the quench experiment can be obtained 
by plotting the wall superheat at a given axial position versus 
time, as illustrated in figure 7-2. The heated wall in the con- 
vective film boiling regime experienced a normal quench history 
marked by an initial period of relatively slow precursor cooling 
until local superheats decreased to the range of 250 to 350 C. 
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Figure 7-2. Temperature vs. time for run 135 at three 
axial locations 
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The precursor cooling stage was followed by a period of rapidly 
decreasing superheat temperatures indicating quenching of the 
local wall towards the fluid saturation temperature. In these 
experiments, the CHF quench front was defined as passing a par- 
ticular thermocouple when that thermocouple indicates a maximum 
in the rate of temperature decrease. For each of the three 
axial positions illustrated in figure 7-2, the time of passage 
of the quench front is indicated by the dark symbol. 
A cross plot of the time to quench at each thermocouple 
location then provides a clear indication of the propagation of 
the CHF location along the length of the test section. Results 
for two runs are shown in figure 7-3. The quench front velocity 
for each run is essentially constant as indicated by the linear 
lines through the data points. The slopes of these lines indi- 
cate that the quench front velocity for these two runs were in 
the range of 0.4 cm/sec. 
In each run, the inlet hydraulic conditions including the 
inlet flow quality were held constant during the quench history. 
Since net heat flux into the fluid occurs along the length of 
the test section, the resulting equilibrium vapor quality at 
the CHF location (Zcnf) increased with time as the quench front 
propagated up the test section. For the two runs illustrated in 
figure 7-3, the CHF qualities were calculated by heat balance 
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Figure 7-3. Time to quench and CHF quality vs. axial 
position for two moving quench front experi- 
ments at similar inlet conditions 
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and are indicated in the figure. As the CHF location propagated 
over a distance of 1 m, the local quality at the CHF location 
increased from 0.57 to 0.72. The change in flow quality at the 
initial and final CHF locations during any one run decreased 
with decreasing heat flux. 
Heat transfer from the wall during convective film boiling 
is commonly understood to be proportional to the difference 
between wall superheat and vapor superheat. Figure 7-4 shows a 
plot of wall and vapor superheats in the vicinity of the vapor 
sampling probe during the quench history of two runs. Clearly, 
as the quench front approached the measurement station (with 
increasing time), there is a significant decrease in the wall 
superheat in spite of the essentially constant wall heat flux. 
However, there is a corresponding decrease in the local vapor 
superheat so that the difference between wall and vapor super- 
heats remained relatively constant, indicating only a minor 
change in the effective wall heat transfer coefficient as plotted 
in figure 7-5. Also plotted on figure 7-4 are curves calculated 
for the vapor temperature if no further vaporization were to 
occur beyond the CHF location. Theoretically, this "frozen 
quality" vapor temperature must be an upper bound for the non- 
equilibrium vapor superheat. The experimentally measured vapor 
superheats at the probe station satisfied this thermodynamic 
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limiting condition. Finally, the data shown in figure 7-4 are 
for the two runs with similar test parameters and therefore give 
an indication of the reproducibility of these experiments. 
Combining the results shown in figure 7-4 with the informa- 
tion regarding instantaneous quench front location shown in 
figure 7-3, it is possible to transform the experimental results 
to obtain plots of wall superheats and vapor superheats as a 
function of distance (dZ) from the quench front. Figure 7-6 
shows such data for the two sample runs, illustrating the fact 
that this technique of slowly propagating quench front with time 
varying CHF quality can be used to obtain measurements of non- 
equilibrium wall and vapor superheats at various axial distances 
from the CHF location with the use of just a single vapor probe. 
The data plotted in figure 7-6 show that the wall superheat evi- 
dently increased steeply immediately downstream of the CHF loca- 
tion and then leveled off to a slower and more constant rate of 
increase with increasing axial distance. In contrast, the data 
on vapor superheats indicate that there was a region (of approxi- 
mately 0.3 m) downstream from the CHF location where the vapor 
superheat is fairly small (less than 50 C for these two runs). 
At greater axial distances, the vapor superheat then increased 
rapidly and at a rate approximately paralleling that for the 
wall superheat. Compared to the theoretical "frozen quality" 
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Figure 7-6. Wall and vapor temperatures at the vapor probe 
vs. distance between the probe and the quench 
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at similar inlet conditions 
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limit, the measured vapor superheats were consistently lower as 
required by thermodynamic considerations. The behavior illus- 
trated in figure 7-6 for the two sample runs was found to be con- 
sistently displayed by all the data obtained in these tests. 
The results illustrated in figure 7-6 are particularly 
significant in two respects. First, the fact that vapor super- 
heats remained small for a significant distance (of the order of 
0.3 m) downstream from the CHF location indicates that the vapor- 
ization process is relatively efficient in that region near to 
the CHF front. This implies the existence of a "transition" 
region immediately downstream from CHF where there is a higher 
volumetric concentration of liquid in the two-phase mixture 
than would be expected in established dispersed-film boiling 
convection. Void fraction measurements based on the differen- 
tial pressure measured over the 50 cm before the vapor probe con- 
firm the presence of more liquid immediately downstream of the 
quench front. Figure 7-7 shows the void fraction calculated 
from the differential pressure measurements plotted as a func- 
tion of the distance between the quench front and the center of 
the 50 cm long measurement region. With an increased liquid 
presence immediately downstream of the quench front, both inter- 
facial vapor-liquid heat transfer and liquid-wall heat transfer 
would be enhanced, leading to enhanced liquid vaporization. It 
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Figure 7-7.    Void fraction vs. distance from CHF for two runs 
at similar inlet conditions 
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is hypothesized by the authors that this "transition" region 
corresponds to an engagement length where the liquid that 
sputters from the wall in the region of CHF becomes engaged 
with the higher velocity vapor. Secondly, the data in figure 
7-6 strongly indicates that at greater distances downstream 
from the CHF location (dZ greater than 0.6 m for these tests) 
the rate of increase in vapor superheat with axial distance 
approaches the rate of increase calculated for the theoretical 
frozen quality limit. Though the absolute magnitude of the 
vapor superheat remains below the frozen quality limit, an equal 
rate of change (slope of the curve in figure 7-6) implies that 
the intensity of vaporization in this region becomes small, 
approaching zero. This is a somewhat unexpected finding. It 
had commonly been accepted that at greater axial distances where 
the absolute vapor superheat is high, the vapor to liquid heat 
transfer would be increased due to the greater driving force. 
These experimental results appear to indicate that in the estab- 
lished convective film boiling region, beyond the "transition 
region", the heat transfer between superheated vapor and entrained 
liquid drops is in fact relatively inefficient. These two 
observations have important implications for the phenomenological 
modeling of convective film boiling heat transfer and need to 
be confirmed by separate experiments. 
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Figure 7-8 shows similar transformed axial information 
results. These data are composites from four different runs at 
times selected to give approximately equal flow quality at the 
CHF point. This is in contrast to the data shown in figure 7-6 
which correspond to results from single runs which had time 
varying flow qualities at the CHF point. The results plotted 
in figure 7-8 were obtained from a series of runs with.varying 
inlet qualities which permitted us to obtain data at a moment 
during the quench history when the flow qualities at the CHF 
location were approximately equal. The results are seen to be 
similar to those displayed in figure 7-6, indicating that the 
significant findings regarding the nonequilibrium vaporization 
process as discussed above are pertinent to convective film 
boiling with fixed flow quality at the CHF locations, as well as 
to single film boiling cases with varying CHF qualities. 
Figures 7-9 and 7-10 further illustrate this finding by plotting 
the equilibrium and actual qualities for the eight data points 
presented in figure 7-8. The tendency towards an actual quality 
curve that is nearly constant at distances from the quench front 
greater than approximately 40 cm illustrates the lack of vapor 
generation far from the quench front. While this trend is 
demonstrated throughout all of the data obtained, only data points 
with the same CHF quality illustrate this phenomena as clearly 
as figures 7-9 and 7-10. 
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An attempt was made to compare these experimental data with 
the few available measurements from previous studies. Because 
of the ^ery  limited data base, it was not possible to obtain a 
direct one-on-one comparison with matched parameters. Figure 
7-11 shows a comparison of the data from two runs in this experi- 
ment with recently reported results from Idaho National Engin- 
eering Laboratory [7.1], at reasonably comparable conditions. 
The moving quench data of the present experiments (up to a dZ 
of 1.05 m) are compared to the fixed-quench front data from 
reference [7.1] for dZ of 1.35-1.95 m. Though the two separate 
tests did not overlap in the magnitude of the axial distance, 
extrapolation between the two sets of experimental data indicates 
very good agreement in both wall superheats and vapor superheats. 
Figure 7-12 shows an attempt to compare the results with 
the data of reference [7.1], as well as the earlier published 
results of Nijhawan et al. [7.2]. It should be noted that due 
to the difficulty of matching all experimental parameters, the 
runs from various sources were only of approximate equivalency. 
Again, excellent agreement was obtained between the moving CHF 
measurements of the present study with the fixed CHF experiments 
from reference [7.1]. Nijhawan's data [7.1] bracketed these 
present results, as would be expected in view of the different 
range of flow qualities at the CHF point and the wall heat flux. 
■133- 
^P0R WALL RUN REF G XCHF q; P 
( kg/m2s) (kw/m2 J(kPa) 
• O 1 12 CURRENT 20.7 .58-.72 30. 408 
▲ A 135 CURRENT 19.7 .58-.72 27. 408 
■ □ 12 [7.1] 19.4 0.59 23. 400 
♦ 0 14 [7.11 19.5 0.61 23. 400 
T V 36 [7.1] 19. 1 0.58 25. 400 
650- § 
600- V 
v          9 
550- R 
y500" 
W
 450- 
< 400- 
LLI 
LT350- 
UJ 
Or 300- 
^250- 
200- 
150- 
100- 
50- 
Tw    AT   THE O WPROBE 00A 
o °AA 
6P°A 
2 i 
o?^ OAA 
Tw   AT   THE V 
A QUip "      O . JO 
PROBE 
X
 CHF =   °"72 
n—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i 
.0      .2      .4      .6      .8     1.0   1.2   1.4   1.6   l.S   2.0 
DISTANCE   FROM   QUENCH    (M) 
Figure 7-11. Temperatures at the vapor probe vs. distance 
between the quench front and the vapor probe 
for five comparable runs 
•134- 
SUPERHEAT    (C) 
e 
-s 
fD 
I 
-h cr H 
O (D (D 
-S  r+ 3 
S X3 
-h fD fD 
> fD 
3 
CO 
-Fa 
< 
fD 
o 
o 3 
TJ 
Ol 
-s 
cr 
fD 
-s 
tz 
13 
fD 
-O 
C 
fD 
n 
-s 
QJ 
c+ 
C 
-S 
fD 
</) 
OJ 
r+ 
r+ 
fD 
-h 
S < O 0) 
3 "O 
c+ O 
-s 
3 -O 
Q. -S 
O 
r+ cr 
' fD 
fD 
< 
0) 
-a 
o 
-j 
•a 
-s 
o 
O" 
fD 
< 
l\) 
—< 4^ 
in 
H 
> * 
Z °> 
o 
rn ■ OD 
^ - 
o o 
D ■ 
C w 
m H- 
z . 
o * 
D 
•— 0) 
CD 
O 
Ul 
o 
_1_ 
o 
o 
01 
o 
_l_ 
H 
< 
T) 
3> 
OH 
CD 
P1H 
I 
m 
ro i\) U      U -F.        -F* 01 (Jl 0) 0) o 01 O      Ul O      (Jl o (Jl o 01 o 
i 
o 
1 
o    o 
1       1 
o    o 
1        1 
o 
1 
o 
1 
o 
1 
o 
1 
H 
== 
o "D 
t> o 33 > 
> 0 OH 
%% 
CD 
>o      = 
» 
t> 0 
t> O 
t> o 
>o 
to 
J >► to r X 
o 
II 
Ul 
CO 
*■<< CD< 
« ♦ 
<2 <3 
<a 
CO 
o   o 
o   o 
► .• 
<   O   □   >   o 
OJ 
CD 
>J 
Ul      -P<    vj     sj 
« « 
m
 u1 O     O O CD CD 
D D O | | 
Ul    0) (Jl . 
CO     — (D vj vj 
N ro 
N    l\) l\) l\J OJ (Jl    0) QJ si O 
:£  -^   -^ o  o   o 
o   00   00 
< 
> 
"D 
o 
JO 
> 
r 
1—• ►— 0J ^—.* c 
z ■^ N Ul i\) 
o o 
" r—» c c HI 
m sj ^J :o 3 D D 3 3D K- >~~ m m 
._. !_, z z 
H H 
1 ' h- l—» I\) CD CD CO CO O \ m 3 
l\) 
CO 
I 
7? 
S 
3 
l\) 
7? 
Q 
*   3 
"0 
VAPOR WALL RUN   REF 
T 
+ 
X 
550- 
500- 
450- 
400- 
O 
~ 350-] 
h- 
LJ 300- 
CC 
LLI 250- 
0. D 
m
 200-1 
150- 
100- 
50- 
G 
(kg/m^-s) 
XCHF    ^W 
A 
O 
O □ 
V 
122-1 
122-2 
123-1 
123-2 
44 
SN36 
SN37 
SN38 
CURRENT 
CURRENT 
CURRENT 
CURRENT 
[7.1J 
[ 7»2 ] 
[ 7.2 ] 
[ 7.2 ] 
17, 
17, 
17, 
17, 
17 
IB, 
18 
18, 
3 
3 
3 
3 
4 
7 
7 
7 
a 
V B3 
(Kw/m^) (KPa) 
0.41 
0.42 
0.41 
0.42 
0.45 
0.34 
0.34 
0.34 
18 
20, 
18 
20 
16 
18 
15 
22 
400 
400 
400 
400 
370 
370 
370 
370 
'vV 
n i i r^ 
.0  .2  .4 
i—i—i—l—i—i—i—i—i—i—i—i—i—i—i 
,6  .B 1.0 1.2 1.-4 1.6 1.82.0 
DISTANCE   FROM  QUENCH   (M) 
Figure 7-12. Wall temperature profile and vapor temperature 
downstream of the CHF location for six comparable 
runs 
•135- 
SUPERHEAT    (C) 
en 
i 
£ 
-S ro 
i 
ro 
O Q> 
S.  -i 
3 —' (/> 
r+ c+ 
~*   2 n> 3 
oi -a 
3 ro 
-s 
O Oi 
-h r+ C 
c+ "S 
=r rt> 
ro 
-a 
o -s 
3= O 
-n -h 
o ro 
o 
r+ 3 
-1.  Q. 
o 
3   < 
CU 
-hT3 
O  O 
~s -s 
-J. ro 
X  3 ■a 
o ro 
-a 
Of 
-s 
-5 
OJ 
r+ 
£ 
-5 
01 
o 
o 
o 
CJ1 
o 
o> ro 
cr 
ro 
l\) 
D 
W  -* 
H      -i 
> . 
Z o) 
O      J 
m . 
-im 
:o - 
o . 
S o 
D r 
£  IN) m    -j 
z - O   \ 
0) 
B 
00 
l\) 
B 
o 
l\) N CJJ u -»> J> 01 01 
O (Jl O (Jl o (Jl o 01 
O 
1 
O 
i 
O 
I 
o 
1 
o 
1 
o 
1 
o 
1 
o 
1 
D    ^ 
CD. 
+* 
* x +4 ■♦• ► 
< DO° > 
z z z 4» INJ ro ro I\J 
OJ Id CJJ -& CJJ CJJ (\) l\J 
CO^IC)       i   i    i   i 
IN)-IN)>- 
OOOO 
""""CCCC 
» ■ » - ;o:o:o;o 
I\J INJ ro — m m m m 
-^^^ZZZZ 
HH-IH 
CD QD CD vl vl vl vj v] 
^1 vj vl vl-MJ (d 10 Id 
< OOOOOOOO 
oooooooo 
< 
< 
CO (jj LJ-^ ^-^-1>-^ 
J> J> -I> (J| (\) ►- |\) H- 
< 
ro (Jl CD 0) O CD O CD 
(jj LJ CJJ (jj -^ -J> -£> -J> 
sIsJslslOOOO 
OOOOOOOO 
< 
> 
o 3 
> 
r 
r 
3] 
c 
33 
m 
CD 
N   Q 
l\) 
CO 
X 
o 
\^ 3   *3 
JO 
Q 
In general, the agreement between data from the present experi- 
ment with the limited published data (as shown in figures 7-11 
and 7-12) indicate reasonable consistency and lends a degree of 
confidence to the experimental findings. 
7.2 Suggestions for Future Research 
The significant findings of this investigation suggest the 
need for future work in post-CHF, convective, dispersed flow film 
boiling. Improvements to the existing facility and a new test 
section would enable the acquisition of data over a wider range 
of inlet conditions. The concept of the "transition" region 
immediately downstream of the quench front needs to be verified 
by other experimental techniques. Improved void fraction measure- 
ments would shed considerable light on the magnitude of the 
localized decrease in void fraction. The void fractions indica- 
ted in this program imply slip ratios of 50 to 100 in the region 
immediately downstream of the quench front. With a vapor velo- 
city on the order of 10 meters per second, the resulting aver- 
age liquid velocity would be on the order of 10 cm per second. 
This has serious implications for the effects of spacers in 
nuclear reactor fuel bundles. In addition, the difference in 
effective heat transfer evident in the severely oscillatory runs 
suggests that the amplitude of the deviation from time averaged 
flow conditions may be a significant complication in modeling 
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the heat transfer in a nuclear reactor undergoing reflood after 
a loss of coolant accident. 
Therefore it is recommended that experiments be performed 
to further quantify the axial variation of the void fraction in 
post-CHF flow, and examine in greater detail the nature of 
oscillating flow in post-CHF heat transfer. Improvements in 
the knowledge of void fraction would allow for significant 
refinements in the phenomenological models of the dispersed flow 
film boiling heat transfer process. Understanding the nature 
and consequences of oscillating post-CHF flow would assist in 
refining nuclear reactor heat transfer computer codes (TRAC, 
RELAP 5). Experiments designed to investigate the impact of 
flow obstructions on the post-CHF heat transfer process would 
also be valuable. This was one of the original goals of this 
investigation, but it became obvious during the program that a 
more complicated test section would be required. While experiments 
with flow obstructions would require a test section dedicated 
to that one task, knowledge of how a nuclear reactor fuel rod 
spacer interacts with post-CHF flow would be extremely valuable. 
Comparisons of the effect of spacers in the region close to the 
quench front where the localized void fraction is much lower 
than the homogeneous void fraction, and the far region where the 
vapor generation source function (r) is nearly zero could have 
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implications for nuclear reactor heat transfer codes. After 
encountering numerous experimental difficulties with probe 
induced wake effects and descending quench fronts, and with the 
discovery of a transition region immediately downstream of a 
quench front, it is felt that the spacer grid could provide sig- 
nificant enhancement of the heat transfer process at most flow 
qualities. Since fuel rod spacers are often spaced less than a 
half meter apart, it is probable that spacers would often reside 
within the "transition" region downstream of a quench front. 
The presence of the spacers in this region, characterized by 
its high slip ratios, might enhance liquid-wall contact and 
assist in further reduction of the void fraction in that region. 
At the same time, retention of liquid in this region would 
increase the local quality further downstream of the spacer, 
altering the heat transfer in that region. Superimpose on this 
an oscillating flow pattern and the possibilities are endless. 
Obviously there is a need for more work in this area. 
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SUMMARY 
An experimental technique using slowly propagating CHF quench 
fronts was used to obtain measurements of nonequilibrium flow- 
film boiling conditions as a function of axial distance from the 
CHF location. Axial variation of wall superheats was consis- 
tent with previous findings indicating a rapid rise in the region 
close to the quench front, leveling off to a slower and fairly 
constant rate of rise further downstream. The new findings with 
respect to the vapor superheat indicated a "transition" region 
immediately downstream from CHF where the two-phase fluid remained 
close to the equilibrium thermodynamic state. It was hypothe- 
sized that the liquid requires a finite axial distance to 
engage the faster flowing vapor, and in this engagement 
region the volumetric presence of liquid is more significant 
than heretofore understood. This transition region is hypothe- 
sized to have relatively efficient vapor to liquid and wall to 
liquid heat transfer. At greater distances, the vapor superheat 
results indicate a relatively ineffective vapor to liquid heat 
transfer process. Thus, these experimental findings indicate a 
zone near the CHF front where the vaporization source intensity 
(r ) is relatively high, followed by a far zone where the source 
intensity drops off to a relatively low magnitude (approaching 
zero). If these findings are confirmed by future experiments, 
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phenomenological modeling of the nonequilibrium heat transfer 
process in convective film boiling must account for these two 
regions of behavior. 
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NOMENCLATURE 
A flow area 
Cn specific heat 
D diameter 
dp pressure drop 
G mass flux 
i enthalpy 
P pressure 
Pu heated perimeter 
q internal heat generation 
Q-I„„ heat loss 
^ loss 
q" wall heat flux 
w 
T temperature 
t time 
X quality 
Z axial distance 
Greek 
p density 
a void fraction 
r vapor source function 
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Subscripts 
a actual 
ace acceleration 
b boiler 
CHF critical heat flux 
e equilibrium 
f fri cti on 
fg phase change 
g gravity 
I inconel 
i inner 
l liquid 
Is saturated liquid 
o outer 
s saturation 
t total 
v vapor 
w wall 
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APPENDIX A: OBSERVATIONS FROM OSCILLATORY RUNS 
All of the quantitative data reported in this thesis 
exhibited either a steady or slightly oscillatory flow pattern. 
In addition to these, about 25 percent of the experiments attemp- 
ted during this investigation were observed to oscillate between 
two very  different flow regimes. As noted in chapter 4, and 
illustrated by figure 4-5, these oscillatory runs all occurred 
at inlet flow qualities of less than 20 percent. During the 
rating process discussed in chapter 5, these oscillatory runs 
received a rating of 6 (16 for fixed-CHF experiments) if vapor 
probe measurements were obtained and a rating of 7 (or 17) if 
no vapor probe data were obtained. Data typical of these oscilla- 
tory experiments is illustrated in figures 5-13, 5-14, and 5-15. 
The operators noted during this run that the flow pattern visible 
in the sight glass at the boiler outlet alternated between 
single phase liquid flow and churn flow, even though the time 
averaged inlet quality was 4 percent. As indicated in figure 
5-13, the wall temperatures oscillated 10 to 15 C during each 
14 second cycle. For this run, with time average inlet condi- 
tions of 6 = 29.1 kg/m2sec, Xin = 0.04, Pin = 245 pKa, and an 
electrical heat flux of 24 kw/m2, the alternating storage and 
release of sensible heat by the test section resulted in the 
wall heat flux oscillating between 16 and 32 kw/m2. The differ- 
ential pressure recorded on the stripchart, as illustrated in 
-147- 
figure 5-15, appeared to indicate that one flow pattern may have 
been single phase vapor within the pressure drop measurement 
region. The extremely high vapor temperatures measured during 
this dry-out period occasionally approached to within 50 C of 
the highest test section wall temperature. None of the steady 
dispersed flow experiments in this investigation exhibited vapor 
temperatures this close to the wall temperature. Therefore the 
vapor probe and differential pressure measurements appear to 
indicate that during a portion of the oscillatory cycle, single 
phase vapor flow existed within the test section. 
In addition to the time varying heat transfer characteristic 
of these runs, it should be noted that this run required 350 
seconds to quench the entire test section, the same amount of 
time an experiment at the same mass flux, pressure, and average 
wall heat flux, but with a 53 percent inlet quality, took to 
quench the test section. Due to the oscillating runs' low quality, 
a quench region developed at the vapor probe and resulted in a 
descending quench front to assist the ascending quench front in 
quenching the test section. Therefore, for two runs with the 
same mass flux, the low quality oscillating run's ascending 
quench front was actually slower than the 53 percent run's 
ascending quench front. 
Data are presented in figures A-l and A-2 from an experiment 
at the same inlet conditions as the run illustrated in figures 
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RUN 305 
RATING 6 
550-i 
500- 
OCCURANCE  OF  CRITICAL  HEAT  FLUX 
AS   INDICATED   BY   THE   THERMOCOUPLE 
200 300 
TIME   (SECONDS) 
400 500 
Figure A-1.    Wall  temperature vs.  time for run 305 
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5-13, 5-14, and 5-15, but with an inlet pressure of 375 kPa. 
This run exhibits larger temperature oscillations over a period 
of 23 seconds. The larger oscillation in wall temperatures 
resulted in the wall heat flux oscillating between 15 and 40 
kw/m^. The steady decline in wall temperatures at approximately 
170 seconds is due to the power supply shutting down when a 
wall temperature limit was exceeded. 
These two runs are typical of the oscillatory experiments 
observed. Further quantitative observations are difficult to 
justify due to a lack of information about the time varying 
mass flux and inlet quality. The cause of the oscillations is 
difficult to pin-point, and while the inlet conditions for many 
of the oscillatory runs are below the flooding limit [A.l], 
it is possible that the two-phase loop assisted in the process. 
In addition to the mode of oscillation discussed above, several 
runs were observed to exhibit a double oscillation. These runs 
alternated between steady churn flow and more rapid oscillations 
between bubbly and annular flow. The longer period was of the 
order of 1 minute, while the more rapid oscillations had a 
period of about 10 seconds. 
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APPENDIX B: DISCUSSION OF EXPERIMENTAL TECHNIQUE 
The experimental program encountered difficulties with 
four different aspects of the experimental apparatus; (1) the 
design of the two-phase loop may have partially encouraged the 
oscillatory flows encountered at low qualities, (2) the hot 
patch technique was limited to a narrow range of operating con- 
ditions, (3) the vapor probe suffered from poor performance in 
the early phases of the program, and (4) the experiments often 
suffered from a top quench that limited the range of condi- 
tions where data were obtainable. 
The primary cause of the severely oscillatory runs, dis- 
cussed in Appendix A, was the low vapor velocity (at low flow 
qualities) being unable to entrain the liquid phase at a uni- 
form rate. It is also possible that components of the two- 
phase loop may have contributed to the process. The primary 
purpose of the two-phase loop is to provide a steady flow with 
a uniform quality to the test section. An important feature 
of the loop is the single tube vertical upflow boiler.  If 
the boiler wall temperatures are constant with time, then all 
of the electrical power input to the boiler is either lost to 
the surroundings, which occurs at a constant rate, or is input 
to the fluid. Since the fluid is near the saturation temperature 
when it enters the boiler, most of the energy is absorbed by 
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the fluid vaporization. As a result, if the inlet mass flow 
is constant, with a constant degree of sub-cooling, then the 
vapor generation rate inside the boiler is constant with time. 
Any variation in boiler exit quality would be the result of 
a change in liquid inventory within the boiler. Therefore the 
smaller the boiler volume, the less the flow quality will 
oscillate. In addition, the smaller the diameter, the greater 
the vapor velocity, and the more readily the liquid is entrained. 
While the boiler used was of a small diameter, the hard- 
ware upstream of the boiler inlet was unable to supply a per- 
fectly uniform inlet mass flux. Pressure oscillations at the 
boiler inlet resulted in mass flux oscillations between the 
preheater outlet and the boiler inlet. The severity of the 
oscillations could not be determined quantitatively, but operator 
observations suggest that while these flow oscillations did 
occur, they were not the primary cause of the oscillatory-flow- 
patterns observed in the sight glass. If the mass of subcooled 
liquid in the boiler began to vary, it is possible that the 
boiler wall temperatures and wall heat fluxes would oscillate, 
thereby varying the vapor generation rate in the boiler and 
the vapor mass flux at the boiler outlet. As is evident, the 
boiling process is very  complicated. While correlations pre- 
dict that all of the oscillatory runs encountered were within 
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the flooding limit [B.l], it is important that future experi- 
ments insure a constant mass flux at the boiler inlet, prefer- 
ably with a positive displacement pump. Modifications to the 
preheater and flow control valve of the existing loop, with 
its centrifugal pump, would also result in more uniform flow. 
The limited effectiveness of the hot patch in maintaining 
a fixed CHF-location was suspected to be the result of a bad 
braze joint between the Inconel tube of the test section and 
the hot patch copper block. Analysis of the heat transfer 
through thin layers of flux used in the brazing process predic- 
ted that typical critical heat fluxes would cause a temperature 
drop of several hundred degrees across 0.05 millimeters of flux. 
The thin sheet braze technique utilized in the braze joints 
is capable of leaving just such a film between the Inconel 
tube and copper hot patch if the braze does not flow adequately. 
Recent modifications to the existing test section by Schaeffer 
[B.2] confirmed that the braze joint was the problem. Future 
work with hot patches should utilize the braze casting technique 
of Schaeffer to insure proper operation of the hot patch. 
Difficulties with vapor probe aspiration were resolved 
early in the experimental program. The separator concept was 
not recognized during previous experimental programs due to 
the use of extremely long and volumous tubes between the vapor 
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probes and the aspiration control valves. This large volume 
enabled vapor to condense in the tubes, thereby maintaining the 
volumetric flow necessary for proper probe operation. This 
also reduced the ability to adjust the vapor probes aspiration 
rate. Future vapor probes should use the separator concept 
to insure proper volumetric flow and provide for rapid response 
to adjustments of the aspiration flow control valves. In addi- 
tion to the use of separators, the current program also features 
much smaller vapor probes. The small size makes fabrication 
more difficult, but comparisons with vapor probe traces from 
previous experiments indicates an improvement in performance. 
The extremely large volumetric flow of steam encountered when 
a plastic tube between the vapor probe and the control valve 
ruptured demonstrated that the small flow passages do not limit 
the aspiration rate. 
The source of the vapor probe induced wake effect remains 
unknown. While data was obtained that graphically illustrates 
the wake effect, the range of conditions where it occurs is 
still not completely clear. Recent work showed that the probe 
was responsible in part, but that a bad braze joint in the top 
patch may also have been partly responsible [B.2]. Future exper- 
iments should attempt to resolve this probelm, which might also 
be due in part to the differential pressure measurement. 
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APPENDIX C:     ESTIMATION OF MEASUREMENT UNCERTAINTIES 
A.    Measured Values 
1. Mass Flux 
Measurement error for the mass flux consists of two parts. 
Because of the poor orifice meter performance, mass flux was 
measured with a rotameter. Calibration error for the rotameter 
was +_1 percent of the indicated flow rate. Because of minor 
oscillations in the mass flow rate at the rotameter, an observa- 
tional error of 0.4 kg/m2sec must also be included. Therefore 
the total mass flux uncertainty was +_(0.4 kg/m2sec + O.OlxG). 
2. Boiler Inlet Temperature 
The boiler inlet temperature was measured with a type J 
fluid thermocouple. An atmospheric boiling experiment demonstra- 
ted thermocouple accuracy within 0.3 degrees C. Estimated uncer- 
tainty for the data acquisition system was 0.2 C, Therefore, 
total uncertainty for boiler inlet was 0.5 C. 
3. Test Section Pressure 
The combination of calibration error for the pressure trans- 
ducers and data acquisition system uncertainties resulted in a 
3 kPa uncertainty for the inlet pressure. 
4. Test Section Power 
Test section voltage was measured directly by the precision 
voltmeter in the Ramp data acquisition system with an uncertainty 
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of 0.1 percent. The test section current was determined by 
measuring the voltage across a precision resistance located 
within the test section DC power supply. Total measurement error 
for the current was 0.5 percent, resulting in a test section 
power uncertainty of 0.6 percent. 
5. Test Section Axial Position (Z) 
Uncertainty of vapor probe position was approximately 0.3 cm 
due to thermal expansion of the test section. Uncertainty of 
wall thermocouple position was the sum of the expansion error, 
0.3 cm, and an initial position error of 0.3 cm, for a total 
uncertainty of 0.6 cm. 
6. Wall Temperature 
Measurement error due to the data acquisition system was 
+_1 C. Errors due to the thermal contact resistance between 
the thermocouple and the test section wall is approximately 
+_2 C. Therefore total wall temperature measurement uncertainty 
is +_3 C. 
7. Vapor Temperature 
The vapor temperature uncertainty includes two components: 
a) Errors due to hardware inaccuracies, including stripchart 
uncertainties, of the order of +_5 C. 
b) Vapor probe interpretation error. This is dependent on the 
quality of the vapor probe response. As discussed in chapter 4, 
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the ratings of 1 to 5 specify vapor probe interpretation errors 
ranging from +_5 C to +_25 C. Therefore the total measurement 
and interpretation error for the vapor temperature ranges from 
+_10 C for class 1 runs to +_30 C for class 5 runs. 
B. Calculated Values 
8. Saturation Temperature 
The saturation temperature is determined from the measured 
inlet pressure.    Therefore the saturation temperature uncertainty 
was +J3.4 C for a +_3 kPa inlet pressure uncertainty. 
9. Specific Enthalpy of Vaporization:    if 
Based on measured inlet pressure i..   uncertainty was there- 
fore +JD.3 kj/kg. 
10. Specific Heat of Liquid:  C 
Based on measured inlet pressure C  uncertainty was there- 
px. 
fore +_0.0007 kj/kg. 
11. Boiler Heat Losses 
Boiler heat losses were typically 150 W. Estimated uncer- 
tainty for the boiler heat losses is +_10 W. 
12. Boiler Power 
Calibration experiments were run at a variety of power 
levels and power distributions for the AC power supply to determine 
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the boiler resistance. The experiments demonstrated a one 
percent uncertainty at power levels under 3 kW and one-half 
percent at power levels greater than 5 kW. 
13. Inlet Flow Quality 
The following derivation of inlet quality uncertainty was 
derived by Chen [C-l] in a technical memorandum to the Nuclear 
Regulatory Commission: 
1fg 
SX  =  Srn   x Mr +  5nk  x #- +  9n, x     9X >GA      9GA T °%      3^ T dqioss      9^ s 
+
 %   X ?k+ 6TIN X  87^ + fiCP, >< ^+ 6ifg3 
qb_choss        • 1 1 
=
 
6GA x 1fg(GA)* + 6% x i^GA + 6q1oss x T^GA 
+ «TS  * T^ + 6TIN >< r1 + <SCp£ x     s.  IN 
+ Si.-   x GA ^qb"qloss^ " WW fg       , 2  
fg 
Sample cases at the four extreme cases are presented below. 
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Table C-l 
Sample 
case 
low G 
low X 
high G 
low X 
low G 
high X 
high G 
high X 
Parameter: 
X 0.04 0.04 0.70 0.40 
G (kg/m2sec) 14 70 14 70 
*G 0.5 1.0 0.5 1.0 
qb(kw) 0.5 2.4 3.9 11.3 
5qb(w) 5 25 40 55 
Uncertainty: 
V^loss .. „ 
ifg(GA)*      6GA 0.0024 0.0016 0.028 0.0064 
1
      x a- 0.00095 
0.0019 
0.0095 
0.0004 
0.008 
0.002 
0.021 
0.0004 
ifgGA    \ 
1
        X * 
VA       qloss 
1>g  ^ 6TIN 
0.0011 0.001 0.001 0.001 
TOTAL OF ALL 
OTHER TERMS 0.001 0.001 0.001 0.001 
Total  fix 0.008 0.013 0.04 0.03 
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14. CHF Location 
The uncertainty for the CHF location is a combination of 
uncertainty for the thermocouple position and uncertainty for 
the exact location of the center of the "quench front". Total 
uncertainty is estimated to be 1 cm. 
15. Test Section Wall Heat Flux 
Total wall heat flux uncertainty was the sum of the electri- 
cal heat flux error (0.6%) and the heat loss uncertainty. Heat 
losses typically represented less than 10% of the total power 
input to the test section. Due to the time varying wall tem- 
peratures of a moving quench front experiment, the time varying 
heat losses are difficult to quantify exactly. As discussed in 
chapter 3, the heat loss error is estimated to be 25% worse case. 
Therefore the heat flux error due to heat loss errors was esti- 
mated to be 2.5%. . Total wall heat flux uncertainty was esti- 
mated at 3 percent. 
16. Change in Quality with Axial Distance 
The change in equilibrium quality with axial distance is: 
_ %  IT DjdZ 
e
"  
GAifg 
The uncertainty is: 
-16V 
II 
6dXe = 6qw * GAi^ + 6dZ x    GA ifg 
% « DjdZ g" , P. 
GA
  w%    fgM^V: 
Typical Values: 
q" = 3.0 kw/m2 
w 
6q^ = 0.1 kw/m2 
dZ = 10 cm 6dz = 1.0 cm 
G   = 30 kg/m2sec SQ   =0.7 kg/m2sec 
if   = 2008 kJ/kg 6if   = 0.3 kJ/kg 
Typical  uncertainty would be 0.0002 for a dXe of 0.0013.    Note 
that 0.00013 of the uncertainty is from the dZ uncertainty, 
which is not cumulative along the test section. 
17. CHF Quality 
The CHF quality uncertainty is the sum of the inlet quality 
error and the accumulated error from the change in equilibrium 
quality between the inlet and the quench front. Both errors were 
discussed previously, and can vary widely depending on the inlet 
conditions. The typical uncertainty range is from 0.01 to 0.04. 
18. Equilibrium Quality at the Probe 
Uncertainty of the equilibrium quality at the vapor probe 
is the sum of the inlet quality error and the accumulated error 
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from the change in equilibrium quality between the inlet and 
the vapor probe. Both errors were discussed previously, and 
can vary widely depending on the inlet conditions. The typical 
uncertainty range is from 0.01 to 0.04. 
19. Actual Quality at the Probe 
The actual quality suffers from the same uncertainty as 
the equilibrium quality, plus an uncertainty due to the vapor 
measurement. Depending on mass flowrate, the uncertainty 
resulting from vapor probe interpretation error may be as large 
as 0.02 for class 5 runs, resulting in an overall actual quality 
uncertainty ranging from 0.01 to 0.05. 
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APPENDIX D: SAMPLE TABULATION 
All 579 data points obtained from the 118 runs that pro- 
duced data have been tabulated in the project contractor report 
for the United States Nuclear Regulatory Commission. Included 
here is a tabulation of the 15 data points obtained from run 
100, of which sample plots were presented in chapter 5. The 
wall temperature, vapor temperature, and axial distance measure- 
ments were discussed in chapter 3. The mass flowrate, inlet 
quality, and test section pressure were easily determined during 
the preliminary data reduction phase. 
Unlike the steady-state fixed CHF experiments, calculation 
of the wall heat flux for moving quench front experiments is a 
difficult task. The local wall heat flux is the sum of three 
components, electrical power input to the tubing, sensible heat 
stored or released by the tubing, and the time varying heat 
losses to the test section insulation: 
n 1  tf,    ■ n" _ r_„ IT fn2.n2\A7  dT %  = F^7 « - <   " CPP - (Dn-Di)dZ £) (D"1) w
  P^jdZ     loss   r 4  o '   dt 
While power input and sensible heat are easy to calculate, 
the time varying heat losses must be estimated. As discussed in 
chapter 3, the results of an experiment conducted to quantify 
the effect permits the variation of heat loss with time to be 
approximated, but heat loss uncertainty still approaches 25 
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percent in some instances. The results of the wall heat flux 
calculation are illustrated in figure D-l, which plots the 
wall heat flux at two adjacent thermocouple locations versus 
time. The spikes represent the momentary increase in heat flux 
as the quench front passes the thermocouple. 
For the data points obtained in this investigation, the 
axial variation of post-CHF wall heat flux was based primarily 
on the wall heat flux calculated at each of the thermocouples 
at the time reported. Unfortunately, the short length of tubing 
undergoing a quench at any instant in the experiment was often 
less than the thermocouple spacing. Figure D-l illustrates the 
problem. When one of the thermocouples was undergoing the 
local quench, the other thermocouple had either been quenched 
previously, or was still in the post-CHF region. As a result, 
the axial variation in wall heat flux at the quench front could 
not be accurately described. Since each data point reported 
corresponded to the instant when a wall thermocouple was quench- 
ing, the thermocouples upstream and downstream of the CHF loca- 
tion were not typically in the quench region. Therefore, the 
wall heat flux data must be used carefully, since the wall heat 
flux at the quench front was based on the rate of temperature 
decrease observed at the thermocouple and does not represent 
the average wall heat flux between adjacent thermocouples. As 
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Figure D-l.    Wall heat flux vs. time at two adjacent 
wall thermocouples for run 100 
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shown in figure D-2, the wall heat flux reported at the CHF 
location is only a peak value. The average wall heat flux in 
the quench region was calculated by performing an energy balance 
for the sensible heat of the test section tubing. By calculating 
the sensible heat released per unit length of test section dur- 
ing the quench process, and dividing it by the quench front 
velocity, the enthalpy input to the flow by the quench front 
can be accurately calculated. 
The possibility of axial conduction in the tube wall was 
also investigated. As demonstrated in reference [D.l], the 
axial conduction term was negligible everywhere except directly 
at the quench front, where it had a minor effect. Since the 
heat addition to the flow at the quench front is based on an 
energy balance calculation, axial conduction corrections would 
not alter the net heat addition in the quench front region. 
Determination of the average wall heat flux permits the 
flow equilibrium quality to be calculated as a function of axial 
distance. This is a simple energy balance calculation utilizing 
the technique outlined above for wall heat flux in the quench 
front region. Therefore the reader is cautioned not be use 
the wall heat flux reported at the CHF location as an average 
value. To properly arrive at the net heat addition to the 
fluid between the thermocouple upstream of the quench front, 
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and the thermocouple at the quench front, the DXE (change in 
equilibrium quality) value should be used. The DXE value is 
the change in flow equilibrium quality between the previous 
thermocouple and the thermocouple corresponding to the tabulated 
DXE value. In addition, it should be noted that the energy 
input to the flow by the quench front has been included in cal- 
culating the "dryout" equilibrium quality (XCHF), since the 
dryout quality is defined as the flow equilibrium quality at 
the location where liquid-wall contact no longer occurs. 
The tabulation of the 15 data points obtained from run 100 
utilize similar nomenclature, except that subscripts are not 
available on the computer printout. Table D-l presents the 
nomenclature cross reference necessary to properly interpret the 
tabulation. 
Table D-l 
Tabulation      Proper Nomenclature 
XCHF XCHF 
TW Tw 
TV Tv 
XA Xa 
XE Xe 
QW qw 
DXE dXe 
The sample tabulation follows; 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 37S.  kPa 
INLET MASS FLUX = 14.8  kg/m2sec 
INLET QUALITY  = 0. 62 
SATURATION TEMPERATURE = 141.6 C 
POINT: 
AT TIME:  50. 2 sees 
AT Z=  10. 0 cm XCHF= 0. 64 
POINT: 
AT TIME: 81.4 sees 
AT Z=  18. 3 cm XCHF= 0. 6B 
AT Z= ■■   131. 3 cm TV= 428. C AT Z= = 131. 3 cm TV= 441. C 
XA= 0. 69 XA= 0. 73 
XE= 0. 89 XE= 0. 94 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) (C) <u/cm2) ("/.) (cm) (C) (u/cm2 ) ('/.) 
0. 0 144. 0. 00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 • -0. 1 7. 5 144. 0. 00 0. 62 -0. 1 
10. 0 259. 9. 59 0. 64 1. 6 10. 0 161. 3. 32 0. 63 0. 6 
18. 3 456. 3. 38 0. 66 2. 2 18. 3 350. 15. 13 0. 68 4. 9 
28. 5 497. 2. 93 0. 68 2. 6 28. 5 493. 3. 53 0. 70 2. 7 
38. 6 512. 2. 66 0. 71 2. 3 38. 6 519. 3. 12 0. 73 2. 8 
48. 8 522. 2. 51 0. 73 2. 2 48. 8 537. 2. 99 0. 75 2. 5 
53. 9 525. 2. 53 0. 74 1. 1 53. 9 541. 2. 83 0. 77 1. 2 
58. 9 532. 2. 53 0. 75 1. 0 58. 9 548. 2. 91 0. 78 1.2 
66. 6 550. 2. 50 0. 76 1.6 66. 6 566. 2.89 0. 80 1. 8 
76. 1 561. 2. 43 0. 78 1. 9 76. 1 579. 2. 82 0. 82 2. 2 
83. 7 573. 2. 46 0. SO 1. 5 83. 7 588. 2. 90 0. 84 1. 8 
86. 2 571. 2. 39 0. 80 0. 5 86. 2 590. 2. 81 0. 84 0. 6 
88. 8 577. 2. 40 0. 81 0. 5 88. 8 596. 2. 83 0. 85 0. 6 
93. 9 578. 2. 31 0. 82 1. 0 93. 9 600. 2. 76 0. 86 1. 2 
98. 9 577. 2. 28 0. 83 0. 9 98. 9 602. 2. 62 0. 87 1. 1 
106. 6 574. 2. 19 0. 84 1. 4 106. 6 603. 2. 53 0. 89 1. 6 
116. 1 572. 2. 16 0. 86 1. 7 116. 1 604. 2. 46 0. 91 1. 9 
123. 7 583. 2. 04 0. 87 1. 3 123. 7 618. 2. 43 0. 92 1. 5 
128. 8 591. 2. 01 0. 88 0. 8 128. 8 626. 2. 42 0. 93 1. 0 
133. 5 547. 2. 16 0. 89 0. 8 133. 5 579. 2. 52 0. 94 1. 0 
138. 3 571. 2.26 0. 90 0. 9 138. 3 600. 2. 57 0. 95 1. 0 
142. 3 580. 2. 16 0. 91 0. 7 142. 3 610. 2. 55 0. 96 0. 8 
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SERIAL NO: 100  RATING:  1 
INLET PRESSURE = 378.  kPa 
INLET MASS FLUX = 14.8  kg/m2sec 
INLET QUALITY   =  0. 62 
SATURATION TEMPERATURE = 141.6 C 
POINT:  3 
AT TIME: 122. 2 sees 
AT Z= 28. 5 cm XCHF= 0. 70 
POINT: 
AT TIME: 167. 4 sees 
AT Z= 38. 6 cm XCHF= 0. 73 
AT Z= = 131. 3 cm TV= 419. . C AT Z= = 131. 3 cm TV= 391. ,C 
XA= 0. 77 XA= 0. 78 
XE= 0. 97 XE= 0. 97 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) (C) (w/cm2 ) ("/.) <cm) (C) (uj/cm2 ) ('/.) 
0. 0 144. 0. 00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 7. 5 144. 0. 00 0. 62 -0. 1 
10. 0 152. 3. 23 0. 63 0.7 10. 0 148. 3. 18 0. 63 0. 7 
18. 3 162. 3. 38 0. 65 2. 3 18. 3 152. 3. 21 0. 65 2.2 
28. 5 344. 14. 27 0. 70 5. 6 28. 5 164. 3. 35 0. 68 2.7 
38. 6 495. 3. 92 0. 73 2. 7 38. 6 334. 11. 26 0. 73 5.3 
48. 8 526. 3. 44 0. 76 3. 1 48. 8 496. 3. 64 0.76 2.7 
53. 9 538. 3. 26 0. 78 1. 4 53. 9 519. 3. 33 0. 77 1.4 
58. 9 545. 3. 23 0. 79 1. 3 58. 9 527. 3. 29 0. 78 1.4 
66. 6 564. 3. 22 0. 81 2. 0 66. 6 549. 3. 20 0. 80 2. 1 
76. 1 580. 3. 16 0. 83 2. 5 76. 1 568. 3. 14 0. 83 2. 5 
83. 7 587. 3. 19 0. 85 2.0 83. 7 576. 3. 14 0. 85 1. 9 
86. 2 592. 3. 16 0. 86 0. 7 86. 2 581. 3. 11 0. 85 0. 6 
88. 8 597. 3. 14 0. 87 0. 7 88. 8 586. 3. 11 0. 86 0. 7 
93. 9 605. 3. 11 0. 88 1. 3 93. 9 597. 3. 08 0. 87 1. 3 
98. 9 610. 3. 05 0. 89 1. 3 98. 9 603. 3. 09 0. 89 1. 3 
106. 6 615. 3. 02 0. 91 1. 9 106. 6 610. 3. 04 0. 91 1. 9 
116. 1 619. 2. 99 0. 94 2. 3 116. 1 616. 3. 03 0. 93 2. 4 
123. 7 634. 2.97 0. 95 1.9 123.7 632. 3.00 0. 95 1.9 
128. 8 642. 2. 96 0. 97 1. 2 128. 8 641. 2. 97 0. 96 1. 2 
133. 5 592. 2. 94 0. 98 1. 1 133. 5 594. 2. 95 0. 97 1. 1 
138. 3 611. 3. 00 0. 99 1. 2 138. 3 608. 3. 00 0. 98 1. 2 
142. 3 620. 3. 01 1. 00 1. 0 142. 3 616. 3. 02 0. 99 1. 0 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 378.  kPa 
INLET MASS FLUX = 14.8  kg/m2sec 
INLET QUALITY  =  0. 62 
SATURATION TEMPERATURE = 141. 6 C 
POINT: 
AT TIME: 226. 5 sees 
AT Z= 48. 8 cm XCHF= 0. 75 
POINT: 
AT TIME: 263. 1 sees 
AT Z=  53. 9 cm XCHF= 0. 76 
AT Z= -  131. 3 cm TV= 359 . C AT Z= = 131. 3 cm TV= 338 . C 
XA= 0. 80 XA= 0. 81 
XE= 0. 98 XE= 0. 97 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) (C) (w/cm2) C/.) (cm) (C) (w/cm2) ("/.) 
0. 0 144. 0. 00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 7. 5 144. 0. 00 0. 62 -0. 1 
10. 0 146. 3. 11 0. 63 0. 6 10. 0 145. 3. 15 0. 63 0. 7 
18. 3 147. 3. 12 0. 65 2. 1 18. 3 146. 3. 17 0. 65 2. 1 
28. 5 151. 3. 13 0. 67 2. 6 28. 5 148. 3. 17 0. 67 2. 7 
38. 6 159. 3. 22 0. 70 2. 6 38. 6 153. 3. 19 0. 70 2. 6 
48. S 355. 13. 55 0. 75 5. 0 48. 8 177. 3. 60 0. 73 2. 8 
53. 9 479. 3. 78 0. 76 1. 3 53. 9 376. 8. 74 0. 76 2.9 
58. 9 494. 3. 71 0. 78 1. 5 58. 9 456. 3. 95 0. 77 1. 3 
66. 6 523. 3. 59 0. 80 2. 3 66. 6 498. 3. 65 0. 79 2.4 
76. 1 548. 3. 43 0. 83 2. 7 76. 1 530. 3. 49 0. 82 2. 8 
83. 7 557. 3. 46 0. 85 2. 1 83. 7 540. 3. 42 0. 84 2.2 
86. 2 563. 3. 35 0. 86 0. 7 86. 2 548. 3. 42 0. 85 0.7 
88. 8 568. 3. 37 0. 86 0. 7 88. 8 554. 3. 37 0. 86 0. 7 
93. 9 581. 3. 28 0. 88 1. 4 93. 9 567. 3. 31 0. 87 1. 4 
98. 9 588. 3. 21 0. 89 1. 3 98. 9 576. 3. 25 0. 89 1. 3 
106. 6 598. 3. 16 0. 91 2. 0 106. 6 586. 3. 20 0. 91 2. 0 
116. 1 605. 3. 14 0. 94 2. 5 116. 1 595. 3. 16 0. 93 2. 5 
123. 7 621. 3. 17 0. 96 2. 0 123. 7 611. 3. 13 0. 95 2. 0 
128. 8 631. 3. 19 0. 97 1. 3 128. 8 621. 3. 12 0. 96 1. 3 
133. 5 589. 3. 15 0. 98 1. 2 133. 5 580. 3. 12 0. 98 1. 2 
138. 3 598. 3. 19 0. 99 1. 2 138. 3 587. 3. 17 0. 99 1. 2 
142. 3 605. 3. 16 1. 00 1. 0 142. 3 595. 3. 17 1. 00 1.0 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 378.  kPa 
INLET MASS FLUX = 14.3  kg/m2sec 
INLET QUALITY   =  0. 62 
SATURATION TEMPERATURE = 141.6 C 
POINT:  7 
AT TIME: 279. 5 sees 
AT Z=  58. 9 cm XCHF= 0. 78 
POINT:  8 
AT TIME: 314. 6 sees 
AT Z= 66. 6 cm XCHF= 0. 80 
AT Z= = 131. 3 cm TV= 330, . C AT Z= = 131. 3 cm TV= 304. C 
XA= 0. 83 XA= 0. 85 
XE= 0. 98 XE= 0. 98 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) <C) (tu/cm2 ) C/.) (cm) <C> (tu/cm2) <•/.) 
0.0 144. 0.00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 7. 5 144. 0. 00 0. 62 ■ -0. 1 
10. 0 144. 3. 15 0. 63 0. 7 10. 0 i44. 3. 14 0. 63 0. 7 
18. 3 145. 3. 16 0. 65 2. 1 IB. 3 144. 3. 17 0. 65 2. 1 
28. 5 148. 3. 17 0. 67 2. 7 28. 5 146. 3. 18 0. 67 2. 7 
38. 6 151. 3. 19 0. 70 2. 6 38. 6 148. 3. 17 0. 70 2. 6 
48.8 166. 3.35 0. 73 2.7 48.8 156. 3. 25 0.73 2. 7 
53. 9 265. 4. 83 0. 74 1. 7 53. 9 201. 3. 55 0. 74 1.4 
58. 9 376. 10. 87 0. 78 3. 1 58. 9 199. 3. 75 0. 76 1. 5 
66. 6 481. 3. 88 0. 80 2.0 66. 6 343. 12. 89 0.80 4. 1 
76. 1 519. 3. 63 0. 83 2.9 76. 1 485. 3. 91 0. 82 2. 5 
83. 7 530. 3. 61 0. 85 2. 3 83. 7 502. 3. 74 0. 85 2. 4 
86.2 538. 3. 55 0. 86 0.7 86. 2 514. 3. 67 0. 85 0. 8 
88. 8 545. 3.60 0. 86 0.8 88. 8 522. 3. 65 0. 86 0. 8 
93. 9 559. 3. 45 0. 88 1. 5 93. 9 538. 3. 61 0. 88 1. 5 
98. 9 569. 3. 37 0. 89 1.4 98. 9 550. 3. 53 0. 89 1. 5 
106. 6 580. 3. 32 0. 91 2. 1 106. 6 563. 3. 42 0. 91 2. 2 
116. 1 589. 3. 27 0. 94 2.6 116. 1 573. 3. 37 0. 94 2. 6 
123.7 605. 3. 28 0. 96 2.0 123.7 589. 3. 36 0. 96 2. 1 
128. 8 615. 3. 31 0. 97 1.4 128. 8 599. 3. 35 0. 98 1. 4 
133. 5 574. 3. 27 0. 98 1. 3 133. 5 558. 3. 36 0. 99 1. 3 
138. 3 580. 3. 34 1. 00 1. 3 138. 3 563. 3. 43 1. 00 1.3 
142. 3 589. 3. 27 1. 01 1. 1 142. 3 574. 3. 38 1. 01 1. 1 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 378.  kPa 
INLET MASS FLUX = 14. S  kg/m2sec 
INLET QUALITY   =  0. 62 
SATURATION TEMPERATURE = 141.6 C 
POINT:  9 
AT TIME: 362. 2 sees 
AT Z= 76. 1 cm XCHF= 0. 82 
POINT: 10 
AT TIME: 418. 3 sees 
AT Z=  83.7 cm XCHF= 0.84 
AT Z= = 131. 3 cm TV= 266. . C AT Z= ■   131. 3 cm TV= 239. C 
XA= 0. 87 XA= 0. 89 
XE= 0. 98 XE= 0. 98 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) (C) (u)/cm2> ("/.) (cm) (C) (w/cm2 ) (X) 
0. 0 144. 0. 00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 7. 5 144. 0. 00 0. 62 • -0. 1 
10. 0 143. 3. 20 0. 63 0. 7 10. 0 143. 3. 12 0. 63 0. 6 
18. 3 143. 3. 20 0. 65 2. 2 18. 3 143. 3. 11 0. 65 2. 1 
28. 5 144. 3. 20 0. 67 2.7 28. 5 144. 3. 15 0. 67 2. 6 
38. 6 146. 3. 22 0. 70 2. 6 33. 6 144. 3. 12 0. 70 2. 6 
48. 8 150. 3. 22 0. 73 2. 7 48. 8 146. 3. 14 0. 73 2. 6 
53. 9 175. 3. 36 0. 74 1. 4 53. 9 160. 3. 20 0. 74 1. 3 
58. 9 168. 3. 34 0. 76 1. 4 58. 9 155. 3. 19 0. 75 1. 3 
66. 6 165. 3. 39 0. 78 2. 1 66. 6 152. 3. 21 0. 77 2. 0 
76. 1 343. 8. 75 0. 82 4. 7 76. 1 163. 3. 37 0. 80 2. 6 
83. 7 457. 3. 87 0. 84 2. 0 83. 7 314. 12. 01 0. 84 3. 9 
86. 2 475. 3. 71 0. 85 0. 8 86. 2 424. 4. 14 0. 84 0.7 
88. 8 487. 3. 69 0. 86 0. 8 88. 8 443. 3. 96 0. 85 0. 9 
93. 9 507. 3. 62 0. 87 1. 5 93. 9 473. 3. 72 0. 87 1. 6 
98. 9 522. 3. 54 0. 89 1. 5 98. 9 495. 3. 61 0. 88 1. 5 
106. 6 538. 3. 47 0. 91 2. 2 106. 6 515. 3. 53 0. 91 2. 3 
116. 1 551. 3. 39 0. 94 2.7 116. 1 531. 3. 44 0. 93 2. 7 
123. 7 567. 3. 40 0. 96 2. 1 123. 7 549. 3. 40 0. 95 2. 1 
128. 8 578. 3. 38 0. 97 1. 4 128. 8 561. 3. 37 0. 97 1. 4 
133. 5 539. 3. 28 0. 99 1. 3 133. 5 523. 3. 29 0. 98 1. 3 
138. 3 541. 3. 41 1. 00 1. 3 138. 3 522. 3. 36 0. 99 1. 3 
142. 3 553. 3. 36 1. 01 1. 1 142. 3 537. 3. 33 1. 00 1. 1 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 378.  kPa 
INLET MASS FLUX = 14.8  kg/m2sec 
INLET QUALITY   =  0. 62 
SATURATION TEMPERATURE ~   141. 6 C 
POINT: 11 
AT TIME: 439. 7 sees 
AT Z=  86. 2 cm XCHF= 0. 84 
POINT: 12 
AT TIME: 445. 1 sees 
AT Z= 88. 8 cm XCHF= 0. 86 
AT Z= : 131. 3 cm TV= 226. ,C AT Z= » 131. 3 cm TV= 222. C 
XA= 0. 90 XA= 0. 91 
XE= 0. 98 XE= 0. 98 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) (C) (w/cm2) <"/.) (cm) <C) (uj/cm2 ) (*/.) 
0. 0 144. 0. 00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 7. 5 144. 0. 00 0. 62 ■ -0. 1 
10. 0 143. 3. 16 0. 63 0. 7 10. 0 143. 3. 18 0. 63 0. 7 
18. 3 143. 3. 16 0. 65 2. 1 18. 3 143. 3. 18 0. 65 2. 2 
28. 5 143. 3. 17 0. 67 2. 6 28. 5 143. 3. 18 0. 67 2. 7 
38. 6 144. 3. 17 0. 70 2. 6 38. 6 144. 3. 19 0. 70 2. 6 
48. 8 145. 3. 18 0. 73 2. 6 48. 8 145. 3. 19 0. 73 2. 7 
53. 9 157. 3. 24 0. 74 1. 3 53. 9 156. 3. 23 0. 74 1. 3 
58. 9 151. 3. 23 0. 75 1. 3 58. 9 151. 3. 21 0. 75 1. 3 
66. 6 149. 3. 21 0. 77 2. 0 66. 6 149. 3. 22 0. 77 2. 0 
76. 1 158. 3. 33 0. 80 2. 5 76. 1 156. 3. 31 0. 80 2. 5 
83. 7 169. 4. 03 0. 82 2. 3 83. 7 161. 3. 70 0. B2 2. 2 
86. 2 321. 11. 28 0. 84 1. 9 86. 2 252. 6. 44 0. 83 1. 0 
88. 8 421. 4. 46 0. 85 0. 7 88. 8 347. 13. 30 0. 86 2. 5 
93. 9 458. 3. 88 0. 87 1. 7 93. 9 451. 3. 90 0. 87 1. 4 
98. 9 483. 3. 74 0. 88 1. 6 98. 9 478. 3.74 0. 89 1.6 
106. 6 505. 3. 61 0. 90 2. 3 106. 6 501. 3. 62 0. 91 2. 3 
116. 1 522. 3. 55 0. 93 2. 8 116. 1 519. 3. 49 0. 94 2. 8 
123. 7 541. 3. 53 0. 95 2. 2 123. 7 538. 3. 44 0. 96 2.2 
128. 8 554. 3. 54 0. 97 1. 5 128. 8 551. 3. 33 0. 97 1. 4 
133. 5 518. 3. 40 0. 98 1. 3 133. 5 515. 3. 34 0. 99 1. 3 
138. 3 516. 3. 38 1. 00 1. 3 138. 3 514. 3. 39 1. 00 1. 3 
142. 3 531. 3. 35 1. 01 1. 1 142. 3 529. 3. 36 1. 01 1. 1 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 37S.  kPa 
INLET MASS FLUX = 14. 8  kg/m2sec 
INLET QUALITY   =  0. 62 
SATURATION TEMPERATURE = 141. 6 C 
POINT: 13 
AT TIME: 481. 0 sees 
AT Z= 93. 9 cm XCHF= 0. 87 
POINT: 14 
AT TIME: 502. 6 sees 
AT Z=  98. 9 cm XCHF= 0. 88 
AT Z= = 131. 3 cm TV= 193 . C AT Z= = 131. 3 cm TV= 182, . C 
XA= 0. 9; 2 XA= 0. 93 
XE= 0. 97 XE= 0. 97 
Z TW QW XE DXE Z TW QW XE DXE 
(cm) (C) (w/cm2) <"/.) (cm) (C) (w/cm2) C/.) 
0. 0 144. 0. 00 0. 62 0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 7. 5 144. 0. 00 0. 62 -0. 1 
10. 0 142. 3. 17 0. 63 0. 7 10. 0 142. 3. 13 0. 63 0. 6 
18. 3 142. 3. 16 0. 65 2. 1 18. 3 142. 3. 14 0. 65 2. 1 
28. 5 143. 3. 18 0. 67 2. 7 28. 5 142. 3. 14 0. 67 2. 6 
38. 6 143. 3. 17 0. 70 2. 6 38. 6 142. 3. 15 0. 70 2. 6 
48. 8 144. 3. 17 0. 73 2. 7 48. 8 143. 3. 16 0. 73 2. 6 
53. 9 152. 3. 20 0. 74 1. 3 53. 9 150. 3. IS 0. 74 1. 3 
58". 9 147. 3. 20 0. 75 1. 3 58. 9 145. 3. 17 0. 75 1. 3 
66. 6 145. 3. 19 0. 77 2. 0 66. 6 144. 3. 17 0. 77 2. 0 
76. 1 149. 3. 22 0. 80 2. 5 76. 1 146. 3. 18 0. 80 2. 5 
83. 7 147. 3. 20 0. 82 2. 0 83. 7 145. 3. 18 0. 82 2. 0 
86. 2 159. 3. 46 0. 83 0. 7 86.2 150. 3. 27 0. 82 0. 7 
88. 8 154. 3. 42 0. B3 0. 7 88.8 148. 3. 24 0. 83 0. 7 
93. 9 313. 10. 32 0. 87 3. 3 93.9 180. 3. 97 0. 85 1. 5 
98. 9 442. 3. 87 0. 88 1. 3 98. 9 335. 10. 69 0. 88 3. 3 
106. 6 476. 3. 57 0. 90 2. 3 106. 6 455. 3. 70 0. 90 2. 0 
116. 1 500. 3. 45 0. 93 2. 7 116. 1 486. 3. 48 0. 93 2. 8 
123. 7 522. 3. 38 0. 95 2. 1 123. 7 509. 3. 35 0. 95 2. 1 
128. 8 535. 3. 38 0. 96 1. 4 128. 8 523. 3. 31 0. 96 1. 4 
133. 5 497. 3. 49 0. 98 1. 4 133. 5 482. 3. 45 0. 98 1. 3 
138. 3 498. 3. 33 0. 99 1. 3 138. 3 4B7. 3. 35 0. 99 1. 3 
142. 3 516. 3. 27 1. 00 1. 1 142. 3 506. 3. 29 1. 00 1. 1 
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SERIAL NO: 100 RATING:  1 
INLET PRESSURE = 37S.  kPa 
INLET MASS FLUX -   14. S  kg/m2sec 
INLET QUALITY  = 0. 62 
SATURATION TEMPERATURE = 141.6 C 
POINT: 15 
AT TIME: 539. 0 sees 
AT Z= 106. 6 cm XCHF= 0. 91 
AT Z= = 131. 3 cm TV= 170 . C 
XA= 0. 95 
XE= 0. 98 
Z TW QW XE DXE 
(cm) <C) <u/cm2 ) <*/.) 
0. 0 144. 0. 00 0. 62 
7. 5 144. 0. 00 0. 62 -0. 1 
10. 0 142. 3. 20 0. 63 0. 7 
18. 3 142. 3. 20 0. 65 2.2 
28. 5 142. 3. 20 0. 67 2. 7 
38. 6 142. 3. 20 0. 70 2. 6 
48. 8 142. 3.20 0. 73 2.7 
53. 9 147. 3. 23 0. 74 1. 3 
58. 9 142. 3. 22 0. 75 1. 3 
66. 6 142. 3. 20 0. 77 2. 0 
76. 1 143. 3. 22 0. 80 2. 5 
83. 7 142. 3. 21 0. 82 2. 0 
86. 2 143. 3. 24 0. 83 0. 7 
88. 8 143. 3. 23 0. 83 0. 7 
93. 9 151. 3. 31 0. 85 1. 4 
98. 9 170. 3. 67 0. 86 1. 4 
106. 6 338. 11. 88 0. 91 4. 5 
116. 1 456. 3. 85 0. 93 2. 5 
123. 7 487. 3. 70 0. 96 2. 4 
128. 8 503. 3. 59 0. 97 1. 5 
133. 5 456. 3. 63 0. 98 1.4 
138. 3 468. 3. 50 1. 00 1. 4 
142. 3 491. 3. 44 1. 01 1. 1 
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